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ABSTRACT 
 
Phthalocyanines (Pcs) form crystals whose structure and morphology depend on the growth conditions, 
leading to changes in the physical properties which are still little understood. Pc thin films and 
nanostructures have already been exploited in optoelectronic applications and could form the basis of 
spintronic devices but little or contradictory structural information is available because they are 
challenging systems to study. Hence the precise determination of the molecular order in these systems is 
of considerable interest both from a fundamental and technological point of view but requires a 
combination of complementary techniques. 
 
Crystalline powders of α-copper phthalocyanine (CuPc), α-metal-free phthalocyanine (H2Pc) and their 
mixtures are studied using powder X-ray diffraction (XRD) and found to be isomorphous and adopt a 
triclinic structure first proposed for α-CuPc (Hoshino et al., 2003). This information is used to study highly 
textured crystalline α-Pc thin films. The texture reduces the available crystallographic information but 
allows for the manipulation of the anisotropic physical properties. The Pc molecular plane lies 82±11° to 
the substrate when deposited on a weakly interacting substrate but at 7 or 9±5° when templated by a 
layer of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA). Such an interpretation is different to all 
those previously given. 
 
The change in the texture is confirmed by high resolution transmission electron microscopy (HRTEM) of 
ultramicrotomed cross-sections of the films. The optimum TEM operating conditions were first determined 
on sections of CuPc single crystals which demonstrated an information limit of ~5Å with HRTEM. The 
technique was then applied to the films and the morphology, crystallinity and texturing of the layers is 
largely retained by the sectioning process. With further refinements it is hoped that this technique could 
be used to study the properties of interfaces and individual domains in multilayers and blends of organic 
thin films. 
 
Lastly the crystal structure of a new CuPc phase designated as η which forms nanowires as thin as 10nm 
and shows enhanced absorption in the infra-red (IR) is proposed. XRD, transmission electron diffraction 
(TED) and lattice potential energy (LPE) minimisation were used to determine the crystal structure: 
monoclinic P21/a, Z = 2, a = 24.8±0.2Å, b = 3.77±0.02Å, c = 13.2±0.1Å and β = 106±1°.  The LPE 
minimisation was validated by correctly predicting the atomic coordinates of β-CuPc to within 0.05Å. 
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1. INTRODUCTION AND LITERATURE REVIEW 
 
This chapter discusses the motivation for this work and introduces the various concepts that will be 
important to this thesis. The physical and structural properties of Pcs crystals and thin films, cross-
sectional transmission electron microscopy of organic crystals and one-dimensional Pc structures is 
reviewed. The chapter concludes with an overview of the thesis. 
 
 
There has been increased interest in organic materials and their application in photovoltaic (Brabec et al., 
2008), light emission (Shinar, 2004) and more recently spintronic (Naber et al., 2007) devices. Of these, 
the aromatic molecular crystals have attracted particular notice because of their ordered nature which has 
the potential to be manipulated. The structure and morphology of aromatic molecular crystals are highly 
growth-dependant because of the nature of the intermolecular bonding (Bernstein, 2002). Their physical 
properties, which remain comparatively little understood, are dependent on the crystal structure because 
the molecular orbital overlap forms the basis of electronic and ordered magnetic behaviour and 
modulates optical properties (Schwoerer and Wolf, 2007). Hence determining the crystal structure is 
crucial to understanding the physical properties of aromatic molecular materials and to optimise their 
practical applications.  
 
Many phases of molecular aromatic crystals only exist in crystals smaller than 100 nm (Schwoerer and 
Wolf, 2007) so are not amenable to single crystal X-ray diffraction (XRD), which is the method of choice 
for structure analysis (Tremayne, 2004). This is the case for thin films where the majority of technological 
applications are foreseen (Fraxedas, 2002) and structures with a one-dimensional (1D) character which 
have unique properties not applicable to their bulk or thin-film counterparts (Cho and Perng, 2008). In the 
case of thin films there are additional structural degrees of freedom such as the texture of individual 
layers or domains in multilayers and blends, their epitaxial relationship and the roughness of the interface 
which can all have a major influence on the ultimate performance of a device based on such systems 
(Salaneck et al., 2002) and cannot be determined using conventional diffraction techniques. 
 
Powder XRD can be used to obtain structural information on crystals as small as 50 nm but results 
depend on access to a suitable starting model and ideally the crystals should be randomly orientated and 
2-10 µm in size (Langford and Louer, 1996). Transmission electron microscopy (TEM) is more suited for 
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studying crystals as small as 50 nm and especially interfaces in cross-sections of thin-films but is affected 
by dynamical diffraction, lens effects and beam damage (Gilmore, 2003). In addition sample preparation 
can be problematic (Giannuzzi, 2001). Finally the structure can be inferred from minimising the lattice 
potential energy (LPE), but this is again subject to having a good starting model and appropriate 
theoretical assumptions (Momany et al., 1974). Hence many researchers have resorted to using a 
combination of these techniques, often supplemented by studies on crystals with less challenging 
morphologies for example (Hoshino et al., 2003). 
 
This thesis focuses on the structural properties of copper phthalocyanine (CuPc) thin films and nanowires 
determined using a combination of XRD, TEM and LPE minimisation and aided by studies on crystalline 
powders and single crystals. Phthalocyanines (Pcs) are a class of aromatic molecules usually complexed 
with a metal ion that boast a large number of interesting properties such as photoconductivity, 
electroluminescence and bio-compatibility along with high thermal and chemical stability (McKeown, 
1998). In  addition many Pcs have shown intriguing magnetic properties due to the unpaired electron 
spin(s) on the metal ion (Heutz et al., 2007). Copper phthalocyanine (CuPc) in particular has become one 
of the archetypal aromatic molecules. Whilst these systems are important in their own right, it is hoped 
they will be useful to the study of aromatic molecular crystals and organic solids in general. 
 
The remainder of this chapter provides the background to this thesis and reviews the relevant literature. 
Section 1.1 introduces Pcs and their physical properties very briefly and explains why they are such an 
important class of aromatic molecules. In section 1.2 crystal structure and polymorphism in aromatic 
molecular crystals is introduced before providing a detailed review of the structural properties of Pc 
crystals and how they were determined. Section 1.3 concentrates on the properties of Pcs thin films 
grown using organic molecular beam deposition (OMBD) and deposited on weakly-interacting substrates 
such as glass or a first layer of 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA). High resolution 
transmission electron microscopy (HRTEM) of cross-sections of thin films could provide structural 
information on epitaxial and interface properties so its application to organic materials is reviewed in 
section 1.4. Finally past attempts to grow and structurally characterize Pc nanostructures with a 1D 
character are summarised in section 1.5. The chapter concludes with the thesis layout in section 1.6. 
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1.1 Physical properties of Pcs 
 
Aromatic molecules have (usually) alternating carbon single and double bonds arranged in a planar ring. 
The π-electron system is delocalised over the whole ring conferring enhanced stability and giving rise to 
the interesting physical and structural properties of aromatic molecules as reviewed in (Schwoerer and 
Wolf, 2007; Jones, 1997). Pcs form one of the most well-known class of aromatic molecules and were 
first discovered early in the 20th century. The interesting history of their discovery, chemical determination 
and recognition of their many properties such as polymorphism, conductivity and magnetism is reviewed 
in (Moser and Thomas, 1983).  
 
Phthalocyanine is a symmetrical planar macrocycle composed of four isoindoline units linked by aza 
nitrogen atoms which usually exists as an anion (Pc-2). It can accommodate at least 70 types of cations in 
the central cavity (Engel, 1996) and for small cations such as Cu (II), Zn (II), Fe (II), Mn (II), Ni (II), Co (II) 
and Pt(II) the planar geometry is retained. The metal-free variety (H2Pc) which is also planar has two 
hydrogen ions in the centre. For larger cations such as Pb(II) or the complex oxides (e.g. VO) the ligand 
deforms into a pyramidal configuration to accommodate the cation. The outer hydrogen atoms can also 
be substituted by halogens or by benzene rings to form the halogenated Pc and naphthalocyanine (Nc) 
series respectively, without disturbing the planar geometry. This thesis will be limited to the properties of 
planar Pcs (henceforth simply Pcs), and CuPc in particular which is the most commercially important Pc 
and has been studied in most detail. 
 
 
 
The chemical structure of H2Pc and CuPc is shown in figure 1.1. The diameter of the molecule is ~14 Å 
and the van der Waals distance normal to the molecular plane between two neighbouring molecules is ~ 
~ 14 Å 
(a) (b) 
Figure 1.1 The chemical structures of (a) copper phthalocyanine (CuPc) and (b) metal-free phthalocyanine (H2Pc). 
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3.5 Å. Pcs have a D4h symmetry, but the symmetry is lowered to D2h for H2Pc. The molecule is very rigid 
and shows very little distortion when inserted into a crystal framework (Liao and Scheiner, 2001).  
 
The optical properties of Pc molecules have been reviewed in detail (Edwards and Gouterman, 1970). 
Briefly Pcs absorb in the red part (~ 700 nm / 1.8 eV) of the visible spectrum due to the first π-π* 
transition of the Pc2- ligand. The absorption is very strong; a typical value for the extinction coefficient is 
2x105 cm2 mol-1. This has led to their use as blue pigments soon after their discovery in the 1920s and 
these applications are still of immense commercial relevance. The nature of the excited state in aromatic 
crystals is strongly affected by intermolecular interactions such as the lifting of the degeneracy due to the 
lowered symmetry of the molecule in the lattice, Davydov splitting and charge-transfer excitations (Pope 
and Swenberg, 1999) but there is still no consensus as to the exact processes (Knupfer et al., 2004). 
Nevertheless, Pc polymorphs have different optical absorption spectra and slightly different colours 
(Stillman and Nyokong, 1989) which is extremely important to the dye industry and has pushed the 
search for new polymorphs. The optical absorption also depends strongly on the orientation of the 
molecule relative to the polarisation of the excitation because the π-π* transition dipole moment is largest 
parallel to the molecular plane. This effect was used by Manaka et al. to deduce the molecular orientation 
in CuPc films from polarised optical absorption measurements (Manaka et al., 2000). 
 
The detailed mechanism governing the transport of electrical charges in aromatic materials is still 
currently not well understood and two models have been proposed. In the band model π and π* orbitals 
in adjacent molecules overlap to form band-like structures which allows for transport of charges. In the 
hopping model, which seems to dominate at room temperatures (Karl, 2003), thermally activated carriers 
are localised, one at a time, on a single molecule but ‘hop’ in a random-walk manner across the solid. 
Carrier transport is strongly anisotropic and can vary by an order of magnitude depending on the direction 
and is highest along the molecular stacking axis (see figure 1.3a) (Orti et al., 1990). This is because the 
π-electron systems between adjacent molecules along the stacking axis are in direct contact and carriers 
can be more easily transported (Pope and Swenberg, 1999). The electrical properties of Pcs crystals 
have also been reviewed in detail (Gould, 1996; McKeown, 1998). Pcs have a charge carrier mobility of 
~1cm2V-1s-1 along the stacking axis (Zeis et al., 2005), which is similar to most aromatic semiconductors.  
 
Photo-generated charges in aromatic crystals consist of bound electron-hole pairs called excitons which 
can dissociate more efficiently into free electrons and holes at donor-acceptor (DA) heterojunctions 
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(Tang, 1986). DA consists of materials with different ionisation potentials and electron affinities. The 
optical and electronic properties of Pcs can be combined to form relatively efficient solar cells and light 
emitting devices (LEDs) (Hohnholz et al., 2000) when brought together with an acceptor material such as 
C60 and CuPc/C60 photovolatic cells have been reported to give efficiencies of up to 5% (Xue et al., 2004).  
 
Some metal Pcs are paramagnetic due to the unpaired (or multiple unpaired) electrons on the metal 
centre as has been partly reviewed (Ishikawa, 2010). In addition some Pcs show spontaneous ordering 
and β-MnPc, which is ferromagnetic below 10 K, was one of the first molecular magnets to be discovered 
(Barraclough et al., 1970). The magnetic behaviour is critically structure dependant; for example β-CuPc 
is practically paramagnetic down to 0 K whilst α-CuPc is anti-ferromagnetic (Heutz et al., 2007). The D4h 
symmetry of the Pc2- ligand means the unpaired spin on the central ion has an easy axis relative to the 
molecular plane (Wang et al., 2009) and the magnetic behaviour is highly anisotropic (Mitra et al., 1983). 
Similarly to other carbon-based materials, the spins in Pcs are expected to have longer relaxations times 
than in inorganic materials and hence coherent spin propagation over larger distances (Sanvito and 
Rocha, 2006). The detailed mechanism of magnetic behaviour in Pcs is currently being investigated (Wu 
et al., 2008). The magnetic interaction between the unpaired spins on the metal ion can be controlled by 
varying the distance between the molecules and one way to do this is to “dilute” the Pc in a non-magnetic 
lattice such as H2Pc (Sharp and Abkowitz, 1973). This reduces dipolar interactions between the spins and 
introduces fine detail in the electronic spin resonance (ESR) spectrum. It is also expected that the 
reduction in dipolar interaction will lead to even longer relaxation times.  
 
In conclusion whilst they will never replace metals and inorganic semiconductors as active electronic or 
magnetic materials, Pcs possess other properties that make them a thriving research area. Pcs have a 
low density, are mechanically flexible in the appropriate morphology and can be produced in large 
quantities rather cheaply. Pcs are extremely stable (they decompose at temperature above ~ 500°C in a 
vacuum) and have low solubility in virtually all solvents, which makes them compatible with a variety of 
affordable processing techniques. CuPc is non-biodegradable but not toxic to animals or plants and no 
evidence for carcinogenic, negative reproductive, teratogenic or mutagenic effects are yet known 
(INCHEM, 1993). Finally, and perhaps most importantly, Pcs crystals are polymorphic and have highly 
anisotropic physical properties, which opens the way to crystal engineering.  
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1.2 Structural properties of Pcs 
 
In this section crystal structure and polymorphism in aromatic crystals are discussed (section 1.2.1), how 
to classify polymorphism in Pc crystals (section 1.2.2) and the crystal structure of the polymorphs of 
planar Pcs is reviewed (section 1.2.1). 
 
1.2.1 Aromatic molecular crystals 
 
A crystal is made up of regularly arranged atoms, or molecules in the case of Pcs, which form a repeat 
unit cell defined by 6 parameters (a, b, c, α, β, γ) as shown in figure 1.2. There are 230 unique ways (or 
space groups) in which 3-dimensional (3D) objects can be stacked periodically in three dimensions 
depending on the symmetry operations that exist between the objects. These space groups are divided 
into 7 systems depending on the interrelationship between the lattice parameters. In crystals of planar 
molecules, the possible space groups are limited by the asymmetrical shape of the molecules and the 
need to pack efficiently. Hence five space groups (P21/c, P-1, P212121, P21 and C2/c) account for 81.7% 
(Yao et al., 2002) of molecular crystal structures determined so far. In the case of Pcs which are 
centrosymmetric the possible space groups are P21/c and C2/c, which are both monoclinic with α=γ=90º, 
and P-1 which is triclinic and has no interrelationship between the lattice parameters. 
 
 
 
The crystal packing in organic crystals results from a complex balance of several intermolecular 
interactions within a narrow energy range of less than 1 eV, such as electrostatic, repulsion, hydrogen, 
dispersion and charge transfer (Gavezzotti, 2002). Aromatic molecules are more likely to form crystals 
than non-aromatic molecules of the same mass because the extended π electron system is more readily 
polarisable and leads to stronger dispersion forces. Because of the relative weakness of the 
γ 
a 
c 
b
b 
β α 
Figure 1.2 Lattice parameters of a three dimensional unit cell. 
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intermolecular forces present in organic compounds compared to covalent and ionic bonds, different 
arrangements are possible giving rise to the large number of metastable states. For example, while the 
lattice enthalpy of ionic crystals is in the several hundreds of kJ/mol scale, it is less than 200 kJ/mol for 
molecular crystals and differences among polymorphic forms are in the range of 5-10 kJ/mol (Bernstein, 
2002). The polymorphs are usually differentiated by prefixing with Greek letters, such as for α-CuPc and 
β-CuPc, which are sometimes determined by chronological order of discovery, but there is no set 
convention.    
 
Although a few models have been proposed, it is currently not possible to predict the crystal structure of 
organic molecules ab-initio, nor the relative stability of the different polymorphs (Gavezzotti, 1994). 
However given a starting model it is possible to refine the crystal structure of non-polar molecules by 
minimising the LPE estimated by the sum of atom pair potentials (Kitaigorodsky, 1973). This assumes 
that the interaction between two molecules is the sum of the interactions between the constituent atoms 
using some parameterised potential. This method is used to determine the molecular packing of a new 
phase of CuPc in chapter 5.  
 
Large planar aromatic molecules such as planar Pc molecules adopt the “slipped-stack” structure 
(Schwoerer and Wolf, 2007). The molecules stack in parallel to each other with a slight displacement in a 
direction parallel to the molecular plane to form tilted columns as shown in figure 1.3a. In planar Pcs the 
molecules within a column are not rotated with respect to each other. This packing arrangement is even 
observed in solution where Pc molecules are observed as co-facial dimers with a slight offset (Sharp and 
Abkowitz, 1973). Polymorphs differ in three aspects; (i) the tilt angle of the molecules within the columns, 
(ii) the direction of the offset and (iii) the mutual arrangement of the columns. 
 
The exact provenance of the lateral translation is still not fully understood. If the bonding was purely van 
der Waals in origin, the most stable configuration would have the molecules lying directly on top of each 
other to maximise the attraction. Since at least the β-phase is isomorphous for all planar Pcs, including 
H2Pc, the internal geometry of the molecule must have little bearing. The most plausible explanation 
holds the interactions between the π and σ systems of adjacent molecules responsible; displacing one 
ring system relative to another minimises the π-π repulsive interaction and maximises the π-σ interaction 
(Hunter and Sanders, 1990). Aromatic molecules are able to interact with each other through this so 
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called π-π interaction and since the molecular overlap is different in different polymorphs this causes 
different polymorphs to have different physical properties. 
 
1.2.2 Classification of polymorphism 
 
Six parameters are mathematically needed to describe the relative orientation of two-dimensional objects, 
but in molecular crystals these are not independent because of molecular and crystal symmetry. Many 
different models have been proposed to classify polymorphism in aromatic crystals (Glowka et al., 1999; 
Desiraju and Gavezzotti, 1989). In planar Pc crystals where the molecules within a column are not rotated 
with respect to each other we have found that molecular stacking within a stack can be quite accurately 
described using just two parameters as illustrated in figure 1.3a: 
• The stacking angle θ – the angle between the stacking axis and the normal to the molecular plane  
• The molecular offset direction – the projection of the stacking axis on the molecular plane 
Other parameters that are often used in the literature (using various names) are the molecular separation, 
which is the distance between neighbouring molecules along the stacking axis, and the molecular shift, 
which is the distance between neighbouring molecules along the normal to the molecular plane. The 
distance between neighbouring molecules within a molecular column normal to the molecular plane 
remains in the vicinity of 3.3±0.1Å for all planar aromatic stacking molecules. This means the molecular 
separation, molecular shift and stacking angle are closely interrelated. 
 
The molecular columns adhere together in a brickstone or herringbone formation where the molecules in 
adjacent stacks point in the same or opposite direction respectively (figure 1.3b-c). The stacks are parallel 
to each other, and may be laterally shifted by an angle σ to minimise intermolecular repulsion. Packing 
along two directions orthogonal to the stacking axis must be considered for a complete description of the 
crystal packing. The packing may be herringbone in one direction and brickstone in another but any 
structure with a least some herringbone packing is considered herringbone. By convention the stacking 
axis is taken to define the crystallographic b-axis and the unit cell is usually chosen so that the centres of 
the molecules lie at the corners. A herringbone packing usually requires a larger unit cell with the 
crystallographic a or c axis twice larger than in the corresponding brickstone structure because of the 
inversed molecule. 
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Figure 1.3 Schematic diagrams of packing in aromatic crystals. (a) Molecules lie co-facially but displaced by a small 
distance (molecular shift) along the molecular offset direction which is the projection of the stacking axis on the 
molecular plane. The normal to the molecular plane forms an angle θ to the stacking axis. The stacks adhere 
together in a (b) brickstone or (c) herringbone fashion which can be shifted laterally by an angle σ. By convention the 
centres of the molecules usually define the corners of the unit cell whilst the centre of two molecules lying along the 
stacking axis define the crystallographic b axis. 
 
It should be noted that for very thin Pc films (<5 nm) it is energetically feasible for both herringbone and 
brickstone packing to occur. Figure 1.4 is a high resolution transmission electron microscope (HRTEM) 
image of a 5 nm thick ZnPc film vacuum deposited on carbon where individual molecules can be 
observed (Kobayashi et al., 1982). It is only in real three dimensional structures that the distinction 
between herringbone and brickstone packing becomes apparent and energetically significant. 
 
      
 
Figure 1.4 High resolution transmission electron 
microscope (HRTEM) image of ~5nm thick film of ZnPc 
vacuum deposited on carbon. The stacking irregularity of 
the molecular columns can be frequently observed 
(Kobayashi et al., 1982). 
 
1.2.3 Review of Pc polymorphs 
 
Appendix A attempts to summarise chronologically all reported lattice parameters of planar Pcs published 
over the last sixty years. Where possible the stacking angle θ as defined in figure 1.3a is also included. 
The structures of some other planar Pcs such as the naphthalocyanines and halogenated Pcs have been 
also included for completeness. CuPc, which is the most studied of the Pcs, has at least 9 polymorphs 
b 
b 
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which can be conclusively differentiated by powder X-ray diffraction (XRD), optical absorption, IR 
spectroscopy and/or electron spin resonance (EPR). Appendix B lists the scattering angle of the most 
intense peaks in the powder XRD θ/2θ spectra of these polymorphs as quoted by (Erk and Hengelsberg, 
2003; Enokida and Hirohashi, 1991; Komai et al., 1978) or calculated from the reported crystal structures 
using CrystalDiffract™. Many other polymorphs are quoted in the literature for example M (Debe and 
Kam, 1990) and ρ {Komai, 1978 #475} but the data is insufficient to conclusively differentiate with the 
polymorphs listed in the table.  
 
β-Pcs, which can be grown to form crystals large enough for single crystal XRD, were the first molecular 
crystals to have their structure elucidated by direct methods in the 1930s (Robertson, 1936; Linstead and 
Robertson, 1936; Robertson and Woodward, 1940), a considerable achievement at the time. The crystal 
structures of H2Pc, MnPc, FePc, CoPc, NiPc, CuPc and PtPc single crystals, as produced by gradient 
sublimation at low pressure in a stream of carbon dioxide at temperatures above 500°, were published 
over the course of a few years. Robertson et al found that all, apart from PtPc, are isomorphous and 
belong to the monoclinic P21/a space group with two inequivalent molecules per unit cell. The molecules 
are tilted by ~45° to the stacking axis and adjacent molecules within a column are shifted along the 
bridging nitrogen atoms. In the 1930s the polymorphism of Pcs was still not apparent, but this phase was 
later designated as the β phase by Susich (Susich, 1950). The lattice constants were later refined for β-
ZnPc (Scheidt and Dow, 1977), β-MnPc (Ballirano et al., 1998), β-H2Pc (Zugenmaier et al., 1997), β-
CoPc (Mason et al., 1979) and β-CuPc (Brown, 1968a), but the results were found to be essentially the 
same, with values varying by less than 1 Å and 4°. Some researchers also chose to use a P21/c setting in 
convention with modern structural crystallography, which swaps the a and c-axis. A schematic diagram of 
the packing motif of β-CuPc according to Brown is shown in figure 1.5.  
 
 
Figure 1.5 Schematic diagrams of the packing motifs and in-stack molecular overlaps for the β-CuPc crystal structure 
proposed by Brown (Brown, 1968a) 
β-CuPc 
P21/a  
a = 19.4 Å 
b = 4.79 Å 
c = 14.6 Å 
α = 90° 
β = 120.9° 
γ = 90° 
Z = 2 
b 
a 
c 
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Unfortunately the picture is not so simple for the α-Pc phase. The α phase was initially identified as the 
phase that Pcs adopt after acid-paste, a common industrial method used to produce small crystals <50nm 
diameter which makes better pigments (Faulkner and Schwartz, 2009). It is also the phase adopted by Pc 
thin films deposited using organic molecular beam deposition (OMBD), which will be discussed in more 
detail in section 1.3. The crystals are too small for single-crystal XRD and early research proposed a 
tetragonal (Robinson and Klein, 1952a), triclinic (Honigmann et al., 1965) and orthorhombic structure 
(Assour, 1965) from powder XRD patterns of α-CuPc powder produced using the acid-paste technique. 
 
In the 1960s Ashida et al. noted the similarity between the crystal structures of acid-paste Pcs, OMBD 
thin films of Pcs and single crystals of PtPc. The lattice parameters of α-CuPc, H2Pc, CoPc, FePc, NiPc 
and PtPc were obtained from transmission electron diffraction patterns (DPs) of thin films deposited on 
mica (Ashida, 1966b). The unit cell is monoclinic C2/c with four inequivalent molecules per unit cell but it 
was not possible to determine the atomic coordinates. For reasons that are still not clear, single crystals 
of PtPc have a similar structure; monoclinic C2/n with 4 molecules per unit cell (Z = 4) and a stacking 
angle of 25° (Brown, 1968b) and was also designated as α-phase. The combination of the lattice 
parameters as determined by Ashida with the atomic coordinates of α-PtPc became the dominant 
structural model for the α-Pcs. Whilst Ashida initially proposed a C2/c lattice, this does not produce an 
energetically feasible structure as shown in figure 1.6 so the C2/n space group of α-PtPc was adopted. 
This was supported by single crystal diffraction of α-H2Pc:Cl4H2Pc (Yase et al., 1988) and deprotonated 
α-Pc (Kubiak and Janczak, 1992) which are both isomorphous with α-PtPc and have a C2/n space group. 
A schematic diagram of the packing motif of α-CuPc as proposed by Ashida and modified by Brown using 
α-PtPc is shown in figure 1.7a. 
 
 
 
Figure 1.6 Schematic diagram of 
packing motif in α-CuPc using the 
lattice parameters proposed by 
Ashida (Ashida, 1966b) and atomic 
coordinates of single crystal PtPc 
(Brown, 1968b)  along the [100] 
using a (a) C2/c space group and 
(b) C2/n space group. 
(a) C2/c 
(b) C2/n 
b 
b 
c 
c 
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There were some objections to this herringbone model (Ballirano et al., 1998; Hiesgen et al., 2000; Kirk, 
1968) and in 2003 Hoshino redetermined the crystal structure of α-CuPc (Hoshino et al., 2003). Hoshino 
could not determine the transmission electron DP of a thin film of CuPc using either a C2/c or C2/n space 
group. Instead a P-1 lattice was proposed with Z=1 and the atomic coordinates were located by a 
combination of LPE minimisation and Rietveld analysis on acid-paste CuPc and the packing motif is 
shown in figure 1.7b. Rietveld analysis minimises the difference between the powder diffraction pattern 
calculated for the trial structure and the experimental diffraction data. The contribution from the hydrogen 
atoms to the scattering intensity was ignored because of their negligible contribution compared to the rest 
of the molecule. Erk independently came up with a similar structure by Rietveld refinement of possible 
crystal structures predicted by global lattice energy minimization (Faulkner and Schwartz, 2009). Erk 
found that even though α-PtPc is very similar to the α-Pcs, it is actually isomorphous to γ-CuPc (Erk and 
Hengelsberg, 2003), a lesser-known polymorph of CuPc that is produced using a modified acid-paste 
technique (Achar and Lokesh, 2004). At present both the structure proposed by Ashida and modified by 
Brown and the structure proposed by Hoshino are still being used to index α-Pcs, and it is not known if 
the series is isomorphous for all planar Pcs, as for the β-Pcs. The first part of chapter 3 determines which 
lattice is most correct in describing α-CuPc, α-H2Pc and their mixtures. 
 
 
Figure 1.7 The packing motifs and in-stack molecular overlaps for the α-CuPc crystal structure proposed by (a) 
Ashida (Ashida, 1966b) and modified by Brown (Brown, 1968b) and (b) proposed by Hoshino (Hoshino et al., 2003). 
The structure of γ-CuPc proposed by Erk (Erk and Hengelsberg, 2003) is very similar to (a). 
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1.3 Pc thin films 
 
The existence of disorder and grain boundaries in thin polycrystalline films masks the intrinsic properties 
of organic materials, as opposed to single crystals. However it is difficult to incorporate single crystals into 
a working device so the majority of research has concentrated on the properties of polycrystalline thin 
films (Fraxedas, 2002). This allows for large-scale manufacture at low cost, complex structures such as 
blends and multilayers, and deposition on flexible substrates. Due to the pronounced anisotropy of the 
optical, electronic and magnetic properties of aromatic molecular crystals as discussed in section 1.1, 
there is a large interest to grow highly ordered, oriented films. For example a vertical molecular stacking 
axis is preferred in photovoltaic cells because this maximises charge transport flow to the electrodes 
above and below, whilst a horizontal molecular stacking is preferred in field effect transistors (FETs) 
because this maximises charge transport flow to the source and drain (Machlin, 2006). In spin valves the 
easy direction of the spin should be parallel or perpendicular to the thin film and applied magnetic field 
depending on the device geometry (Naber et al., 2007). Hence controlling and determining the molecular 
orientation in thin films is of paramount importance.  
 
There are various organic thin-film growth techniques such as Langmuir-Blodgett, where amphilic 
molecules floating on the surface of water are mechanically driven together to form monolayers 
(Zasadzinski et al., 1994) or spin coating, where organic molecules are dissolved in a solvent which is 
evaporated by applying a centrifugal force to produce an evenly thin film (Lawrence, 1988). However 
organic molecular beam deposition (OMBD) is the ideal growth method to produce ordered, orientated 
films and has led to significant advances in the understanding of growth dynamics of thin films (Forrest, 
1997). OMBD is compatible with Pcs because of their high thermal stability which allows the sublimation 
of the molecule by thermal evaporation without any dissociation of the molecule. OMBD films of Pcs were 
some of the first molecular thin films to be grown (Suito et al., 1962) and since then substantial effort has 
been invested in attempting to investigate their properties as will be discussed in section 1.3.2. Section 
1.3.1 introduces OMBD and the origin of texture in OMBD films. This section and work in this thesis will 
be restricted to deposition on weakly-interacting substrates substrates (e.g. glass) and a layer of 3,4,9,10-
perylene tetracarboxylic dianhydride (PTCDA) where there are only dispersion forces between the 
molecules and the substrate but of different magnitude.  
 
Chapter 1                                                                                                                    Introduction and Literature Review 
 
 
 – 27 – 
1.3.1 Organic molecular beam deposited thin films 
 
In OMBD, a sample is evaporated or sublimed in a high vacuum to form a highly directional and laminar 
flow of molecules which are captured on a substrate (Forrest, 1997). Films from several Å to several µm 
in thickness can be grown with a high degree of control, purity and crystallinity under the appropriate 
conditions. The film characteristics can be varied by changing the thickness, deposition rate, nature and 
temperature of the substrate.  
 
At present it is too early to derive a complete set of general rules for describing the growth of molecules 
on solid substrates from the vapour phase but a qualitative model is acknowledged (Witte and Woll, 2004; 
Fraxedas, 2002). On impinging a solid, the molecule is subject to a variety of kinetic processes such as 
adsorption, surface diffusion, desorption, intermolecular interactions with other adsorbed molecules, the 
formation of stable nuclei and perhaps the re-orientation of already formed nuclei. The deposition rate, 
nature and temperature of the substrate determine the degree to which (i) adsorbed molecules are able to 
seek out minimum energy positions and (ii) grain boundaries are able to adopt minimum energy 
morphologies. On weakly-interacting substrates held at moderately high temperatures (100-400°K), 
adsorbed molecules have a larger ability to migrate along the surface of the substrate and self-
organisation of the molecules occurs with a high lateral order. Polycrystalline films are produced which 
are isotropic in the plane of the substrate. Because of the weak interaction between the substrate and the 
molecules, the crystal is not strained by epitaxy and the crystal structure adopted by the grains can often 
be obtained in bulk crystal phases as well. Crystallographic planes often develop parallel to the surface of 
the substrate plane to maximise the molecular packing density. 
 
The preferred molecular orientation (or texture) is determined by the strength of the interaction of the 
adsorbed molecule with the substrate and the intermolecular interaction between the adsorbed 
molecules. A parallel stacking axis (figure 1.8a) indicates that intermolecular interactions dominate; such 
an arrangement is usually obtained on weakly-interacting substrates. In this case dispersion forces 
between aromatic molecules within the first monolayer force them to lie parallel to each other and 
perpendicular to the substrate. A standing stacking axis (figure 1.8b) indicates that interactions between 
the adsorbed molecule and the substrate dominate. In this case the molecules within the first monolayer 
lie parallel to the substrate to maximise interactions with the substrate. In both modes of texture the 
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packing density of the molecules is maximized by small rotations of the molecules about an axis normal 
to the substrate and to the molecular plane. π-π interactions as discussed in section 1.2.1 may also play 
a part in these rotations but the processes are not very well understood. The texture of the film can be 
described using two parameters; the angle between the substrate plane and the stacking axis (the 
stacking tilt), and the angle between the molecular plane and the substrate (the molecular tilt). 
 
 
1.3.2 Review of Pc thin films  
 
When Pcs are deposited on weakly-interacting substrates held at temperatures close to room 
temperature, polycrystalline films are produced which adopt the α phase. Depositing on weakly-
interacting substrates heated to temperatures close to the Pc sublimation temperature leads to the β 
phase (Lucia and Verderame, 1968; Heutz et al., 2000). Powder XRD in the θ/2θ configuration shows that 
the films are highly textured with the stacking axis closely parallel to the substrate. Powder XRD in the 
pole figure configuration can determine texture more accurately by rotating the plane of the substrate with 
respect to the X-ray beam. The molecular tilt can be also determined if the crystal structure is known. 
Resel (Resel et al., 2000) and Berger (Berger et al., 2000) used this method to show that the stacking 
axis of thin films of CuPc deposited on weakly-interacting substrates is parallel to the substrate. 
Confusion over the structure of α-Pcs as discussed in section 1.2.3 has meant that it has not been 
possible to accurately determine the exact molecular tilt as defined in figure 1.8. 
 
Other methods have been used to determine the molecular tilt but these give conflicting values ranging 
between 40 and 90°. The molecular tilt in ZnPc thin films deposited on Si (111) covered with a thin native 
oxide layer was calculated using polarised infra-red spectroscopy and ellipsometry (Louis et al., 2007). 
The ratio of the in-plane and out-of-plane vibrational modes indicated a molecular tilt of ~60°. Gordan et 
Figure 1.8 Schematic diagrams of 
possible kinds of texture in brickstone 
columns. Individual molecules are 
shown in solid lines and the stacking 
axis is indicated in dashed lines.  
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al. compared the differences in the extinction coefficient between the in-plane and the perpendicular 
contribution to the dielectric function of thin films of H2Pc deposited on silicon and obtained a value of 
~50° (Gordan et al., 2006). Angular variation of the g-value of the electron spin resonance (ESR) spectra 
of a ~50 nm thick CuPc film deposited on glass gave a molecular tilt of 40° with a breadth of 25° 
(Sugiyama et al., 2008). The angular dependence of the ESR spectra was also used to calculate the 
molecular tilt of ~100 nm thin film of CuPc on quartz. However a value of 90° with a variation of 35° was 
obtained (Boguslavskii et al., 2005). Finally Peisert studied CuPc films of thickness ~50 nm deposited on 
polycrystalline gold and ITO using polarization-dependent near edge x-ray absorption spectroscopy 
(Peisert et al., 2001). They measured the relative intensity of core level excitations from the N 1s level 
into the π* as a function of the angle of incidence and found that the molecule lies ~90° to the substrate. 
In the second part of chapter 3 we attempt to lift the ambiguity on the texture of CuPc, H2Pc and mixed 
films vacuum deposited on amorphous substrates. 
 
Deposition on PTCDA 
 
PTDCA (3,4,9,10-perylenetetracarboxylic dianhydride), a commercial red pigment, is another planar 
aromatic molecule (figure 1.9a) that forms crystals with a slipped-stack structure. Its thermal stability 
makes it also suitable for OMBD but unusually it has a standing stacking axis even when deposited on 
weakly-interacting substrates (Lovinger et al., 1984). PTCDA has two polymorphs (α and β) with very 
similar monoclinic structures which have been recently refined (Tojo and Mizuguchi, 2002a, b). The α 
phase is more predominant in powders and β phase more prominent in films (Mobus et al., 1992).  
 
A schematic of the packing motif in β-PTCDA and the lattice parameters is included in figure 1.9b. 
Although no explanation has been given for the standing stacking-axis (to the author’s knowledge), 
Lovinger et al. raises the fact that molecules in adjacent stacks are essentially orthogonal to each other, 
and attributes this to “dipolar interactions” without further elaboration. Such an interpretation sounds 
slightly counterintuitive given the symmetrical nature (D2h) of the molecule. Lovinger et al. used pole 
figure analysis and an earlier (less accurate) crystal structure to determine that the PTCDA molecule lie 
closely parallel to the substrate with an average molecular tilt of 10-15° (Lovinger et al., 1984). This is 
corroborated by Fourier reconstruction of transmission electron diffraction (TED) patterns of 10nm thick 
PTCDA films deposited on a carbon film using (Ogawa et al., 1999).   
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 Heutz et al. demonstrated the templating properties of a film of PTDCA of thickness 20-300 nm on 
subsequent Pc layers (Heutz and Jones, 2002). Using a combination of powder XRD, electronic 
absorption spectroscopy and LPE minimisation, Heutz et al proposed that H2Pc molecules adopted a 
layered structure with an interplanar spacing of 3.33 Å and an intermolecular shift of 1.7 Å (figure 1.9c) in 
order to maximise van der Waals interactions with the PTCDA first layer. There has been a lot of interest 
in these templated films, both as a means of gaining a fundamental understanding of the processes 
involved, and because of the standing stacking axis which is advantageous for various applications as 
already discussed. In fact, depositing on a first layer of PTCDA has been shown to improve the short 
circuit current density in CuPc/C60 organic solar cells by ~60% (Sullivan et al., 2007).  
 
 
 
The dependence of the structure, morphology and texture of templated Pc films on the thickness of the 
PTCDA and Pc layers has also been investigated (Gordan et al., 2006; Sakurai et al., 2006; Sakurai et 
al., 2005). Using a combination of polarised infra-red spectroscopy and ellipsometry (as used to 
determine the molecular orientation of untemplated CuPc films), the authors also found that templated 
CuPc and H2Pc molecules lie almost parallel to the substrate surface. The molecular tilt increases with 
increasing Pc film thickness (from ~18 to ~25°) for films < 300 nm thick. In the final part of chapter 3 the 
structure and texture of these templated films is re-investigated. 
 
Figure 1.9 (a) The chemical structure of PTCDA, (b) the 
packing motif in β-PTCDA and (c) molecular arrangement 
of H2Pc when deposited on top of a PTCDA first layer 
(Heutz and Jones, 2002). 
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1.4 Organic cross-sectional HRTEM 
 
As previously discussed, crystalline organic multi-layers and blends already form the basis of many 
optoelectronic devices and many more applications are foreseen. Features that are not visible from the 
surface, such as interfaces, buried structures and lattice defects strongly influence the properties of these 
devices (Salaneck et al., 2002; Erb et al., 2005). For example lattice defects, whether point, line, planar 
and bulk, have the possibility to act as traps for charges, whilst excitons are known to dissociate and 
quench at interfaces. Crystallographic information about individual layers or segregated regions obtained 
using bulk diffraction techniques may be difficult to decouple, whilst single layers may have different 
structural properties when grown as a multilayer because of epitaxy. High resolution transmission 
electron microscopy (HRTEM) of cross-sections of these devices could provide information about such 
localised, sub-surface features.  
 
TEM is undoubtedly one of the most useful tools for the investigation of nanostructures of all kinds, 
especially when combined with analytical techniques such as EELS (electron energy loss spectroscopy), 
although this is not attempted in this thesis. In HRTEM interference between the electron beam and the 
crystal structure produces a series of light and dark fringes with a periodicity equivalent to the distance 
between the crystallographic planes (Karlík, 2001). Objects as small as the lengthscale of the interplanar 
distance, such as defects, can be resolved. The problem is that TEM samples must be uniformly thin 
(<100nm), stable under the electron beam, representative of the bulk specimen, clean and free of 
contamination, easily handled, self-supporting, conducting, and non-magnetic (Goodhew, 1985) which 
makes specimen preparation a difficult process. Furthermore sample preparation should not alter the 
properties of the sample which is a considerable challenge. Many techniques have been designed to 
produce such samples (Giannuzzi, 2001), each with different advantages and disadvantages (Madsen et 
al., 1997). 
 
Whilst inorganic cross-sectional (Wright and Williams, 1991) and organic plan-view (Martin et al., 2005) 
HRTEM are now well established, organic cross-sectional HRTEM is still in its infancy. This is partly due 
to the added sensitivity of crystalline organic samples to beam damage and the low contrast in the TEM. 
This can however be controlled with proper care (Egerton et al., 2004) and organic HRTEM images have 
been obtained since the 1970s as shown in figure 1.4. In fact organic HRTEM images were first obtained 
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using chlorinated CuPc (Uyeda et al., 1972b). The main limiting step now is adequate sample preparation 
which is more difficult for organic samples because of their added fragility. Three techniques have been 
used to produce organic cross-sections; conventional ion beam milling, focused ion-beam milling and 
ultramicrotomy, and the results are reviewed in the following subsections. Bright-field TEM images of 
cross-sections of amorphous organic samples have been included for completeness. The information 
provided on how the cross-sections were obtained is usually very brief, so it is difficult to comment on the 
method and the review will concentrate mostly on the systems that have been studied, the quality of the 
images obtained and the information that can be derived. 
 
1.4.1 Conventional ion beam milling 
 
Also known as ion beam thinning or ion bombardment thinning, this is one of the most established TEM 
sample preparation technique. A specimen is bombarded with energetic gas ions (usually Ar) at an 
oblique angle and material is sputtered from the specimen until it is electron transparent (Barber, 1970). A 
sample, with a maximum radius of 3mm, is usually pre-thinned to <50µm to reduce the amount of 
material that needs to be sputtered away. A high energy (up to 5 keV) and steep angle is first used for 
macroscopic thinning at a reasonable rate and then low energy ions (~1 keV) at an oblique angle are 
used for the final thinning processes and to remove any contaminations, a process which can take many 
hours. Whilst ion milling can be applied to any solid sample, it is a very time-consuming technique. In 
addition multilayers can suffer from preferential thinning where some layers are thinned more rapidly than 
others. Using a low milling angles helps but can lead to redeposition of sputtered material. Finally the 
high-energy ions can induce structural and morphological changes as reviewed by (Barber, 1993) which 
organic samples are particularly susceptible to. 
 
Figure 1.10 shows TEM images of cross-sections of organic multilayers obtained using ion-beam milling. 
The cross-section shown in figure 1.10a is from a CuPc/NTCDA multilayer film vacuum deposited on KCl, 
moulded using an epoxy resin on the air side and then sliced and polished at the film cross-section 
(Imanishi et al., 1993). NTCDA (naphthalene-1,4,5,8-tetracarboxylic-1,8:4,5-dianhydride) is an aromatic 
molecule with a molecular structure similar to PTCDA. The image was obtained with an electron beam 
voltage of 100 kV and the sample was cooled to -110°C to maximise contrast whilst minimising beam 
damage. The image shows bright and dark fringes separated by 1-2 nm which according to the author are 
Chapter 1                                                                                                                    Introduction and Literature Review 
 
 
 – 33 – 
due to the different scattering cross-sections of the CuPc and NTCDA layers. In figure 1.10b, which is 
from a cross-section of a CuPc/SiO2 multilayer film (Takada, 1995) deposited on silicon, the bright and 
dark layers correspond to the CuPc and SiO2 layers respectively. The CuPc/SiO2 multilayer film was 
peeled of from the Si substrate, embedded in epoxy resin, cut to a 2 nm section and ion-thinned. Figure 
1.10 shows that preferential thinning need not necessarily affect organic-organic or organic-inorganic 
multi-layers. 
 
 
Figure 1.10 TEM images of cross-sections of (a) NTCDA/CuPc multilayers (Imanishi et al., 1993) and (b) CuPc/SiO2 
multilayers (bright and dark layers correspond to CuPc and SiO2 layers respectively) (Takada, 1995)obtained using 
conventional ion beam milling. 
 
Figure 1.11 shows HRTEM images which exhibit lattice fringes. Durr (Dürr et al., 2003) wanted to 
demonstrate the capability of conventional ion milling on organic samples and uses a 40 nm thick layer of 
DIP(C32H16) deposited on silicon as a model test sample. DIP forms a highly crystalline film with a very 
narrow rocking curve FWHM of 0.01° when deposited using OMBD allowing for the identification of 
damage artefacts. Briefly a ~10 nm thick Au layer was deposited on top of the organic film for protection 
during the thinning process. Two such pieces were glued together face-to-face. The sample was then 
ground, polished, and thinned to less than 100 nm by ion milling with an incident beam of 13° under 
persistent liquid nitrogen cooling. The images were obtained at 200 kV and were stable for up to 2 
minutes in the electron beam. Figure 1.11a shows lattice fringes that are clearly visible and continuous 
throughout the section and correspond to the (001) lattice spacing of DIP. The Au/DIP interface is well-
defined but small clusters of gold-atoms have diffused into the topmost layers of the DIP film.  
 
(a) (b) 
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Figure 1.11 HRTEM images of ion-thinned cross-sections of (a) Au/DIP/SiO2 section (Dürr et al., 2003) and (b) 
C60/CuPc interpenetrating multilayer (Yang et al., 2007) (the scale bar corresponds to 5 nm). 
 
The same technique was used successfully by (Sellner et al., 2006) and (Yang et al., 2007) which 
demonstrates the reproducibility of this technique. In (Yang et al., 2007) cross-sections are obtained from 
an interpenetrating network of nanocrystalline CuPc/C60 blend which can be used to make solar cells. The 
HRTEM image in figure 1.11b shows fringes with a separation corresponding to the C60 crystal structure, 
but it is not possible to observe fringes with a separation corresponding to the CuPc crystal structure. 
From powder XRD studies it is known that the CuPc regions should be crystalline, and the absence of 
fringes is probably due to added sensitivity to the ion and/or electron compared to C60. An alternative 
explanation (as suggested by the author) is that the CuPc layers were not aligned along a suitable zone 
axis but this is unlikely since the interconnected nanocrystals are randomly orientated so there should be 
some crystals which are suitably orientated.  
 
1.4.2 Focused ion beam milling 
 
A focused ion beam (FIB) microscope operates in a similar fashion to a scanning electron microscope 
(SEM) except that a finely focused beam of ions (usually gallium) are used instead of electrons 
(Giannuzzi and Stevie, 1999). The ion beam produces secondary electrons which can be used for 
imaging but can also sputter material away as in conventional ion beam milling. Hence FIB is most useful 
for creating well-defined thin sections (<100 nm) from specific regions of a sample which can be located 
with an accuracy of 10-20 nm. The cross-sections shown in figure 1.13 were prepared using the ‘lift-out’ 
technique where two trenches are dug using either side of a <1µm lamella as shown in figure 1.12. The 
membrane is then “lifted-out” for examination or further ion-thinning to remove ion-beam induced damage 
(a) (b) 
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from the previous stages. Contrary to conventional ion-beam milling, FIB does not suffer from unequal 
thinning because milling occurs sequentially through each layer so it is particularly suited for obtaining 
cross-sections. It is also less-time consuming and several sections can be prepared from a single sample. 
In addition the sections can be assessed in-situ if the FIB is combined with an SEM. However 
amorphisation and ion implantation will still be an issue. 
 
 
Figure 1.12 SEM micrographs of a 700 nm thick lamella and trenches cut using a FIB (Thangadurai et al., 2008). 
 
FIB was first successfully applied to organic materials by White et al. on mixtures of polymers spun cast 
on silicon substrates (White et al., 2001). TEM images showed the successful formation of an inorganic-
organic heterostructure. FIB was also used to obtain cross-sections of an organic light emitting diode 
(OLEDs) consisting of a crystalline layer of para-sexiphenyl (6P), an aromatic molecule, sandwiched 
between gold coated aluminium and indium tin oxide (ITO) coated glass electrodes. Figure 1.13 shows a 
BFTEM image and elemental maps of a cross-section and demonstrates that FIB has not affected the 
large-scale sample morphology and elemental distributions (Schaffer et al., 2004). The roughness of the 
ITO agrees with AFM measurements. An oxygen rich layer is observed at the 6P/Al interface due to the 
reaction of the aluminum with residual water at the organic surface and in the atmosphere (Loos et al., 
2002). However it was not possible to acquire DPs of the crystalline 6P layer indicating that it had been 
amorphised. Ga implantation was measured to be ~1% for all layers which is enough to break 
intermolecular bonds in the organic layer and could be the cause of the amorphisation. 
 
Most recently Thangadurai et al. obtained cross-sections of polymethylmethacrylate (PMMA), an 
amorphous polymer, deposited on Si and coated with Au as a model system to investigate the interfaces 
between organic and inorganic layers (Thangadurai et al., 2008). FIB-induced damage was assessed by 
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comparison with spin-coated PMMA; in both cases the PMMA exhibited the same local morphology and 
similar electron energy loss spectra. Figure 1.13c shows a HRTEM image of a FIB section at the 
PMMA/Si interface which is practically atomically flat and demonstrates the potential for studying 
interfaces. Hence, even though HRTEM images of crystalline organic samples have not yet been 
obtained, there is much promise in FIB. 
 
 
Figure 1.13 (a) BFTEM image and (b) O elemental map of a FIB section of a glass/ITO/P6/Al/Au multilayer (Schaffer 
et al., 2004). (c) HRTEM image of a FIB section of Si/PMMA/Au, at the PMMA/Si interface (Thangadurai et al., 2008).  
 
1.4.3 Ultramicrotomy 
 
Ultramicrotomy is foremost a biological preparation method (Hayat, 2000) but its relevance to the material 
scientist has been established (Malis and Steele, 1990). Briefly a sample is trimmed to present a facet 
smaller than ~0.01 mm2 in area. A diamond knife is then used to cut <100 nm thick sections which are 
floated on a water bath. The sample may be embedded in a resin to provide support during the trimming 
and sectioning process. Whilst ultramicrotomy does not lead to amorphisation unlike conventional ion-
beam milling and FIB, it entails bond rupture and plastic flow and is prone to mechanical damage which 
can be catastrophic (Jantou et al., 2009). This is especially true for hard, inorganic samples or samples 
deposited on hard, inorganic substrates. However ultramicrotomy has advantages which make it 
attractive as a complementary technique, if not the only suitable technique under certain conditions: 
-The ease of preparation of many serial sections with large, thin areas of uniform thickness in a relatively 
short time, from which it is difficult but possible to reconstruct a 3D image, 
(c) 
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-Lack of chemical changes produced in the specimen during preparation which is especially suitable for 
subsequent analysis with electron energy loss spectroscopy (EELS), energy dispersive spectroscopy 
(EDS), and diffraction analysis, 
-Suitable for a large number of sample geometries (powders, wires, films), which is especially relevant to 
the emerging plastic electronic industry that is based on soft polymer substrates. 
 
Ultramicrotomy has already been used to obtain cross-sections of Pc films. Figure 1.13a shows an early 
TEM image of a cross-section of a 200nm Au/ 200nm ZnPc/ 200nm Au multilayer deposited on epoxy 
(Epon) directly, and encased in another layer of epoxy (Katz et al., 1978). Sections of 200 nm thickness 
were obtained using a glass knife, with the knife edge perpendicular to the interface. The sections show 
extensive mechanical damage; spreading of the ZnPc layer, buckling, tears and the formation of bridges 
between the metal layers as pointed out by the black arrow. The extent of the mechanical damage is 
probably due to the use of a glass knife which is highly discouraged for producing high quality sections. 
Whilst ultramicrotomy is most often used on soft samples, it can be used to cut harder samples such as 
silicon provided the sectioning area is small enough. A 5nm CuPc/ 5nm MgPc (repeated 4 times) 
multilayer was deposited on a 0.5mm thick silicon substrate, embedded in epoxy resin and sectioned with 
a diamond knife. The TEM image in figure 1.14b shows 4 sets of ~10 nm thick dark and light bands, 
which are apparently due to the different scattering factors of CuPc and MgPc (Nonaka et al., 1994). 
Whilst the number of bands matches the number of multilayers, the individual layers should be 5 nm in 
thickness and the discrepancy with the observed 10 nm thickness is not accounted for.  
 
   
Figure 1.14 BFTEM images of ultramicrotomed sections of (a) 100nm Au/ 200nm ZnPc/ 200nm Au (Katz et al., 1978) 
multilayer embedded in Epon and (b) 5 nm CuPc / 5 nm MgPc (repeated 4 times) multilayer film deposited on a 
Si(100) substrate (Nonaka et al., 1994). 
(a) (b) 
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To the author’s knowledge, figure 1.15 shows the only HRTEM images that have been obtained from 
organic ultramicrotomed sections but the reproducibility of the technique and the extent of mechanical 
damage is not discussed. To obtain the section shown in figure 1.15a, the polyacrylonitrile-based carbon 
fibers were embedded in epoxy and sectioned at an angle with the knife parallel to the fibre axis (Mencik 
et al., 1975). Fringes spaced 0.34 nm apart are observed which corresponds to the separation of graphite 
lattice planes. For some undetermined reason sectioning at an angle perpendicular to the fibre axis did 
not lead to HRTEM images, which once again highlights the importance of the direction of the sample 
relative to the knife edge. The cross-section shown in figure 1.15b was obtained from the same 
CuPc/TiOx system shown in figure 1.10b but using ultramicrotomy. The CuPc/TiOx thin film was also 
peeled from its silicon substrate, embedded in epoxy and sectioned with a diamond knife (Takada, 1995). 
The HRTEM image focuses on a single CuPc/TiOx interface and shows 4 fringes in the CuPc layer 
separated by ~1.5 nm which corresponds to the (100) planes of α-CuPc, with the b axis perpendicular to 
the substrate as expected. The fringe spacing is slightly larger than the 1.29 nm interplanar separation of 
the (100) planes but this is probably due to incorrect calibration of the magnification which is a common 
problem in HRTEM. A mixing layer is observed below the TiOx with a thickness equal to the CuPc 
monolayer but the contrast is too poor for the properties of the mixing layer to be determined. 
 
 
Figure 1.15 HRTEM images of ultramicrotomed sections of (a) polyacrylonitrile based carbon fibres (Mencik et al., 
1975) and (b) CuPc/TiOx interface (Takada, 1995). 
 
In conclusion very few organic cross-sectional HRTEM images have been obtained so it is clear this field 
requires more attention. So far conventional ion milling has led to images of the best quality as judged by 
the extent and sharpness of the lattice fringes. FIB which is a more recent technique is quicker and can 
produce multiple sections from the same sample but is prone to amorphisation and to the author’s 
knowledge no HRTEM images have been obtained from organic FIB sections. Ultramicrotomy does not 
lead to amorphisation but results so far have been poor and in chapter 5 we investigate the suitability of 
ultramicrotomy for producing organic cross-sections compatible with HRTEM. 
 (a) (b) 
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1.5 Pc one dimensional nanostructures  
 
In this work, one dimensional (1D) nanostructures are defined as having a cross-section on the 
nanoscale, with a length that is much larger. This includes a wide variety of morphologies and various 
terms have been used to attempt to describe them e.g. nanowires, nanotubes and nanoribbons and 
nanobrushes for assemblies of these 1D structures. 1D structures are expected to be useful in a wide 
variety of applications such as solar cells, nanoscale lasers and other miniaturized devices and inorganic 
(Xia et al., 2003), fullerene (Hu et al., 1999) and molecular (Cho and Perng, 2008) 1D structures have 
received much interest. 
 
Donor/acceptor (DA) networks of 1D structures are very promising architectures for highly efficient solar 
energy conversion because of the increased surface area between donors and acceptors and hence 
more efficient exciton dissociation (Halls et al., 1995). In addition single crystals are known to have much 
better conducting properties compared to polycrystalline samples because of the absence of crystalline 
boundaries and minimisation of charge traps. Thus, for amorphous and polycrystalline samples, the 
mobility is of the order of 10-3 cm2 V-1 s-1, whilst for single crystals a value of 1 cm2 V-1 s-1 can be achieved 
(Zeis et al., 2005). Unidirectional 1D structures would provide an efficient pathway for charges that serves 
the same purpose. Additionally individual 1D nanostructures may eventually form the basis of 
miniaturised devices which are important in the microelectronic and information storage industry for 
example. Finally if the cross-section is small enough for the structure to be classed as a true 1D object, 
interesting properties may appear such as electron confinement and size-dependant optical and electrical 
properties (Alivisatos, 1996). Hence there has been a drive to produce 1D Pc structures over the last 
fifteen years as is reviewed below.  
 
The first reported instance of Pc 1D nanostructures was in Yang et al (Yang et al., 2005). CuPc 
nanobrushes made of wires <100 nm in diameter with a vertical geometry were used to make solar cells 
with a bulk heterojunction (Figure 1.16a). The CuPc nanobrushes were grown using organic vapour 
phase deposition (OVPD), a new growth technique which incorporates a flow of inert gas under medium 
pressure to transport the molecules to the substrate (Baldo et al., 1998). As opposed to OMBD, the 
molecular trajectory can be turbulent and have more kinetic energy which can lead to different 
morphologies. The external power efficiency of the cell was about 2.5 times as high as was achieved 
using a comparable planar hetero-junction photovoltaic cell. Shortly later, Tang fabricated FETs from 
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individual ~200 nm CuPc ribbons grown using the same technique (Tang et al., 2006). Figure 1.16b 
shows an SEM image of representative wires, and figure 1.16c is a selected area transmission electron 
diffraction pattern (DP) from a single wire. The wires are crystalline and adopt the β structure. The 
nanowires have excellent mechanical properties and can be bent by 180° without breaking. Mobilities of 
0.2 cm2V–1s–1 and threshold voltages of –2.9 V were achieved with single nanowire devices with 200–500 
nm wide and 5–10 um long conducting channels, which is comparable to results obtained from single 
crystals of CuPc. 
 
 
 Figure 1.16 (a) SEM image of surface of CuPc 1D nanobrush grown on ITO-coated glass using organic vapour 
phase deposition  (Yang et al., 2005) (The scale bar is 500 nm), (b) SEM image of CuPc nanowires also grown using 
OVPD in porous aluminium oxide membranes and (c) selected area electron DP from a single nanowire (Tang et al., 
2006) 
 
The morphology, crystal structure and optical properties of OVPD grown CuPc, ZnPc, FePc, CoPc, NiPc 
and F16CuPc nanowires are compared by Tong et al. (Tong et al., 2006). The properties of the different 
Pcs are similar, but highly dependant on the growth conditions. The diameter of the wires varies from 50-
1000 nm, the length can be up to 10µm and the structure is either α or β depending on the growth 
conditions. In some cases single twisted nanowires are obtained which appear during growth and 
exposure to the electron beam. 
 
OMBD on Au patterned substrates can also lead to 1D growth because the gold as nucleation sites and 
promotes the anisotropic growth of the crystals. To obtain the nanowires seen in figure 1.17a, CuPc was 
deposited on polycrystalline gold (Karan and Mallik, 2007). Twisted nanowires can be observed in some 
instances, but it is not clear if this is inherent or due to exposure to the electron beam. The nanowires are 
crystalline and the lattice fringe spacing and selected area electron DP in figure 1.17b match what is 
expected for the β structure.  
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Figure 1.17 (a) BFTEM image of CuPc nanoribbons (inset shows twisted region of a nanoribbon) and (b) HRTEM 
image of single ribbon (bottom right inset represents the corresponding selected area electron DP) (Karan and Mallik, 
2007) 
 
The group of Dosch used a similar method but deposited CuPc, CoPc and F16CuPc on SiO2 surfaces 
functionalized by arrays of gold nanoparticles to produce uniformly spaced vertical 1D nanowires (Krauss 
et al., 2009). Perhaps more interestingly, in some cases the wires grow as nanotubes as shown in figure 
1.18 where they conclude that the molecules form lamellar sheets separated by 3.5 Å with the normal to 
the molecule along the radial direction (Barrena et al., 2008). Such tubes could have interesting 
applications and lead to even larger surface areas and hence more efficient exciton dissociation. 
 
 
Figure 1.18 (a) BFTEM image confirming the formation of a central channel as indicated by arrows and (b) schematic 
diagram of a F16CuPc nanotube where d* corresponds to a wall-to-wall distance of d*=3.5Å(Barrena et al., 2008). 
 
Our group has recently grown CuPc nanowires using an OVPD system. More remarkably, these seem to 
form a new polymorph of CuPc with enhanced light harvesting properties unlike previous nanowires 
which have adopted either the α or β phase.  
 
(a) (b) 
(a) (b) 
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1.6 Thesis layout 
 
Clearly studying the structural properties of Pc thin films and 1D structures is justified. We have chosen to 
base our studies on CuPc which is the most studied of the Pcs, but the isomorphous nature across planar 
Pcs means this can be readily extended to other planar Pcs. Chapter 2 summarises the growth methods 
used to produce the various CuPc morphologies and the characterisation techniques used in this thesis. 
 
Films grown using OBMD are highly ordered and textured, with the texture dependant on the nature of 
substrate. This can be exploited in practical devices because the physical properties of aromatic 
molecular crystals are highly anisotropic. In addition diluting CuPc in diamagnetic H2Pc may lead to 
interesting magnetic effects. In chapter 3 the structure and texture of CuPc, H2Pc and mixed films 
deposited on amorphous substrates and a first layer of PTCDA is determined using powder XRD. This is 
aided by additional studies on crystalline powders which adopt the same phase but are less textured.  
 
Whilst powder XRD provides bulk crystalline information, it cannot easily provide information about 
individual layers and their interfaces in complex crystalline multilayers and blends, all of which can have a 
major influence on the ultimate performance of a device based on such systems. In chapter 4 the 
structural properties of CuPc, PTCDA, and PTCDA/CuPc films are studied using HRTEM of cross-
sections obtained with ultramicrotomy. 
 
Finally a new phase of CuPc that forms nanowires of unprecedented aspect ratios grown using OVPD 
has been discovered in our labs. This could be used to make more efficient solar cells or miniaturized 
single crystal FETs. In chapter 5 the crystal structure is proposed using a combination of TED, powder 
XRD and LPE minimisation. Detailed conclusions are provided at the end of each chapter so the thesis 
concludes in chapter 6 by focusing on proposals for further work. 
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2. EXPERIMENTAL METHODS  
 
This chapter introduces the experimental methods used to grow and characterise the structure and 
morphology of the samples in this work. Three growth techniques were used namely organic 
molecular beam deposition (OMBD), organic vapour phase deposition (OVPD) and acid paste, and 
three characterisation techniques were used namely powder X-ray diffraction (XRD), transmission 
electron microscopy (TEM) and scanning electron microscopy (SEM). A brief summary of diffraction 
theory is provided and the data analysis is aided by using various software. 
 
 
2.1 Growth techniques 
 
Figure 2.1 summarises the three growth techniques that were used in this work and the morphologies 
they lead to. The reasons for choosing these particular growth techniques are discussed in the 
introduction. 
 
 
Figure 2.1 Growth methods used in this work and the morphologies they lead to 
 
2.1.1 Acid paste 
 
The acid paste method is a widely used technique in the pigment industry for producing very fine crystals 
(diameter <100nm) (Faulkner and Schwartz, 2009). The solid is completely dissolved in concentrated 
H2SO4 acid (98%) to form a paste, which when poured into large amounts of water or basic solvents 
recrystalizes very rapidly inducing metastable crystal phases. The solvent, ratio of solid to acid and to 
solvent, the temperature and the time taken for the different steps have an effect on the size of the 
crystals produced. The specific experimental conditions used in this work were as follows: 
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1. 3 ml of H2SO4 (98%) was poured into a 25 ml flask and 15 ml of isopropanol (IPA) into a 100 ml flask. 
Each flask was placed in 400 ml beakers and surrounded with ice water and left to cool for 10 min. 
2. 0.3 g of CuPc or H2Pc (Aldrich, purity 97%) was mixed with the acid at a concentration of                    
18x10-6 moldm-3 whilst stirring continuously using magnetic stirrers for 5 min. The acid paste was then 
poured drop by drop into the IPA whilst stirring continuously for a further 5 min. 
3. The mixture was filtered using a Buchner funnel apparatus. The solvents were first washed off using 
100ml of distilled water then 10ml acetone and the precipitate left to dry on the filtrate paper for 
30min. The precipitate was finally left to dry completely in a desiccator overnight. The yield was not 
determined but estimated to be ~50%. 
 
2.1.2 Organic molecular beam deposition (OMBD) 
 
OMBD is a very successful and established technique which produces organic thin films (1-1000nm) with 
a high degree of control and purity (Forrest, 1997). The films described in this work were grown in a 
OMBD chamber designed by Kurt J. Lesker Ltd (figure 2.2). A few grams of the source material (CuPc, 
H2Pc or PTCDA purchased from Aldrich, purity ~97%) were placed in a ceramic crucible. The as-bought 
material was heated resistively above the sublimation temperature (~350°C for H2Pc, ~400°C for CuPc 
and ~300°C for PTCDA) using a Knudsen cell, out-gassing any impurities with a lower sublimation 
temperature. Non-volatile impurities, which are typically other phthalocyanines (Thompson et al., 1993), 
remained in the crucible. Because of the weaker intermolecular forces purity has a lesser influence on the 
structural properties of organic molecular solids (Schwoerer and Wolf, 2007). A high vacuum (~10-7 mBar) 
was maintained using a cryo-pump to ensure the purity of the films and because at atmospheric 
pressures Pcs decompose if heated to temperatures close to their sublimation temperature.  
 
Films were deposited on various amorphous substrates (glass, silicon, 25-50 µm thick kapton) which 
were sonicated in IPA for ~10 min and dried using nitrogen prior to loading into the chamber. The 
substrates were stuck upside down on a sample holder using carbon tape, ~50cm above the source 
materials and held at room temperature. The thickness of the film is uniform to ±1nm over the whole area 
of the sample holder which is 10 cm x 10 cm. The chamber was fitted with three trays so that the sample 
holders could be moved between the trays during the growth using a manipulator (not shown in the 
diagram) which allows for multiple growths within a single pumping cycle.  
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The thickness of the films was monitored using quartz crystal microbalances (QCM) located above the 
crucibles. The samples were heated gradually and when the desired flux was obtained (stable to ±5%) 
the mechanical shutter below the substrates was opened. The flux was varied between 0.2 and 2 Å/s and 
the thickness was confirmed by cross-sectional SEM images of films deposited on silicon and cleaved. In 
the case of co-deposited films of CuPc and H2Pc, the CuPc and H2Pc powders were loaded into two 
separate crucibles and heated at different temperatures to reach the desired ratio of sublimation flux. For 
films with a 5% proportion of CuPc, the CuPc had to be sublimed at a rate of 0.05-0.1 Å/s. Such a low 
deposition rate was achieved by recalibrating the QCMs to be able to detect the ±5% variations which the 
sublimation rate must keep to for a constant growth rate. This was carried out by Salahud Din, a 
colleague in the Heutz group. After the films were deposited the crucibles were slowly allowed to cool 
down to ~100°C before atmospheric pressure was restored. 
 
 
 
2.1.3 Organic vapour phase deposition (OVPD) 
 
Similarly to OMBD, OVPD is a vapour deposition technique but uses a flow of inert gas under medium 
pressure to transport the molecules to the substrate (Baldo et al., 1998). OVPD growth was carried out by 
Hai Wang and Salahud Din from the Heutz group. The system consists of an outer and inner quartz 
 
Figure 2.2 (a) Photo of the OMBD system and (b) the main components of the vacuum chamber 
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tubular chambers (1.5 m long and 3 cm in diameter and 1.2 m long and 1.4 cm diameter respectively) 
inserted into a three-zone HZS-12/900E Carbolite furnace where the temperature of the individual zones 
(each 30 cm in length) can be independently controlled (figure 2.3a). The temperature of the furnace at 
the first, second, and third zone during deposition was 480, 440, and 180°C respectively to give the 
temperature gradient shown in figure 2.3b. These temperatures were reached through ramping from 
ambient at 20°C/min until 40°C below maximum temperature, followed by 10 min dwelling, slower ramp at 
3°C/min for 10 min, 5 min dwelling, and final ramping at 1 °C/min so that the final temperatures were 
attained after 60 min.  
 
 
Figure 2.3 (a) The main components of the OVPD system and (b) the temperature gradient across the inner tube 
(schematic provided by Salahud Din) 
 
A few grams of the source material were placed in a boat maintained at the centre of zone 1. Nitrogen 
was used as a carrier gas and the flow was controlled by a MKS 1179A Mass-Flo controller at a rate of 
350 sccm. The base pressure of the chamber was ~3x10-3 mbar before introducing the nitrogen gas and 
increased to 6.0 mbar during the growth. The Pc vapour condensed in the centre of zone 3 where the 
temperature was ~150°C to form needle shaped crystals whilst branches of nanowires were produced in 
the region just outside the furnace where the temperature was ~100 ºC. The substrates and substrate 
preparation were identical to those used for OMBD. 
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2.2 Diffraction Theory 
 
This section summarises the various definitions, constructs and equations pertaining to diffraction theory. 
Further detail can be obtained from numerous crystallographic textbooks such as (Hammond, 2009) for a 
concise overview or (Giacovazzo et al., 2002) for a more detailed understanding. 
 
2.2.1 Definitions 
 
A crystal is by definition a three dimensional (3D) array of regularly repeating objects. The regularly 
repeating 3D objects, or motif, is superimposed on a 3D lattice of imaginary lattice points in which each 
point has an identical environment. The 3D lattice can be split up into regularly repeating unit cells 
characterised by three vectors (a, b and c) and by the angles between these vectors (α, β, γ) as shown in 
figure 2.4. A unit cell with one lattice point per unit cell is called a primitive unit cell, a unit cell with more 
than one lattice point per unit cell is called a centred unit cell. There are 230 unique ways (called space 
groups) in which bodies can be stacked periodically in 3D, which are divided into 7 systems (triclinic, 
monoclinic, orthorhombic, hexagonal, rhombohedral, tetragonal and cubic) depending on the 
interrelationship between the lattice parameters of the unit cell. Determining the crystal structure involves 
finding out the space group, unit cell parameters and the positions of the atoms making up the motif.  
 
 
 
Directions in the lattice may be expressed in terms of the unit cell vectors such that ruvw = ua + vb + wc  
where u, v, w are integer numbers and by convention denoted by [uvw]. Similarly position vectors 
specifying the position of the atoms within the unit cell can be described by the vector rp = upa + vpb + wpc 
where up, vp and wp are fractional numbers (known as fractional coordinates) along the unit cell vectors. A 
plane joining up points in the lattice can be described using Miller indices (hkl), which are the reciprocals 
γ 
a 
c 
b
b 
β α 
Figure 2.4 Lattice parameters of a three dimensional unit cell. 
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of the distances at which the plane and the axes intersect. The plane intersects the a-axis at 1/h, the b-
axis at 1/k and the c-axis at 1/l. A zero Miller index means that the plane is parallel to the axis 
corresponding to it and the distance between two planes is denoted dhkl. It is only in systems where  
α=β=γ=90° that the normal to the plane denoted [hkl]* is parallel to the direction [hkl]. 
 
It is mathematically useful to define a reciprocal lattice rhkl* = ha* + kb* + lc* where a*. a = b*. b = c*. c =1 
and a*. b = a*. c = b*. a = b*. c = c*. a = c*. b = 0. This ensures that the reciprocal vector rhkl* coincides 
with the direction of a normal to the real space planes [hkl]* and the magnitude of the vector  |rhkl*| = dhkl* 
is equal to the reciprocal of the real interplanar distance 1/dhkl. It will be shown that diffraction is only 
observed when the difference in the wavevector of the incident and transmitted wave is equal to a 
reciprocal vector rhkl*. 
 
2.2.2 Bragg’s Law 
 
Diffraction can be simply interpreted using Bragg’s law, who showed that the laws governing the position 
of the diffraction spots were equivalent for waves reflected from a crystal face, which is why spots in a DP 
are often referred to as reflections. In order for the reflected waves to interfere constructively they must 
have the same phase. Assuming elastic diffraction where there is no loss of energy during the collision 
and the phase change due to all collisions is the same, constructive interference implies that for 
successive points lying along a plane (hkl), the angle of incidence θi and reflection θf as defined in figure 
2.5 must be the same. For an incident wave lying along unit vector s0 and a reflected wave lying along 
unit vector s, both will have the same magnitude and must lie in a plane perpendicular to the (hkl) planes. 
In vector notation this means that (s – s0) must be parallel to the normal to the (hkl) planes and hence to 
rhkl*. For waves reflected from successive planes there is a further condition because of the extra distance 
the wave must travel (EF+EG) which must be equal to an integer number of wavelengths nλ. Using 
trigonometric identities this leads to Bragg’s law [2.1a]: 
 
λθ nd hkl =sin2   where  n = 1, 2 …            [2.1a]                       hklhkl dd θθ∆=∆ cot                       [2.1b] 
 
where dhkl is the interplanar distance between the planes and the error is given by [2.1b]. Bragg’s law also 
holds for a more general situation in which the lattice is not rectangular. It is usual to interpret an nth order 
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reflection from lattice planes (hkl) as a first order reflection from lattice planes (nh nk nl) so that the 
equation reduces to: 
 
λθ =sin2 nhnknld                                                                   [2.2]                   
 
In vector notation | s – s0 | = 2 sin θ and since dhkl = 1 / dhkl* Bragg’s law may be written as: 
 
( s – s0 ) / λ = rhkl*                                                [2.3] 
 
which means constructive interference occurs when the difference in the wavevector of the incident and 
transmitted wave ( s – s0 ) / λ is equal to a reciprocal vector rhkl* as stated.  
 
          
 
The Ewald sphere 
 
The Ewald sphere is a graphical way of representing the allowed reflections as shown in figure 2.6. A 
sphere of radius 1/λ (where λ is the wavelength of the radiation) is drawn with the crystal at the centre, 
oriented with the (hkl) planes at the Bragg angle θ and the diffracted beam at 2θ to the incident beam. 
The origin of the reciprocal lattice is shifted to the circumference of the Ewald sphere along the direction 
of the incident beam. From trigonometry the distance AB which corresponds to dhkl* = 2(1/λ)sinθ as 
required by Bragg’s law. Hence for diffraction to occur the reciprocal lattice vector should intersect the 
Ewald sphere. Experimental techniques aim to bring as many nodes of the reciprocal lattice as possible 
into contact with the Ewald sphere, either by rotating the crystal with respect to the incident beam, or by 
changing the wavelength of the radiation and hence the radius of the Ewald sphere. 
 
s 
s0 
dhkl 
θi θf 
F 
Figure 2.5 Bragg diffraction from a set of (hkl) planes separated by a distance dhkl with incident radiation 
travelling along unit vector s0 and reflected along unit vector s without any attenuation  
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2.2.3 Structure factor 
 
Whilst the lattice dictates the angle at which diffraction occurs, the intensity of the diffracted wave 
depends on the contents of the unit cell, or the motif. It can be derived that the amplitude of an 
electromagnetic wave scattered by the (hkl) planes is modulated by the structure factor Fhkl: 
 
 ∑∑
==
++=⋅∗=
N
j
jjjj
N
j
jhkljhkl lwkvhuififF
11
)(2exp)(2exp)( piθpiθ rr                          [2.4]    
 
where N is the number of atoms in the unit cell and fj(θ) is the scattering factor of atom j with fractional 
coordinates rj = uja+ vjb + wjc. The scattering factor is a dimensionless number obtained from tabulated 
values [as provided by the International tables of crystallography] which decreases with the scattering 
angle θ and atomic mass and depends on the nature of the wave (X-ray, electron and neutron). In an 
experiment what would be recorded is the intensity of the scattered beams, which corresponds to |Fhkl|2 
so that the phase information 2πrhkl*.rj is lost. To locate the atomic positions, experimental deviations and 
the thermal motion of the crystals have to be accounted for, whilst coping with this phase problem.  
 
Single crystal XRD techniques are the most accurate at determining the crystal structure because (i) a 
large volume of the reciprocal lattice can be sampled (ii) the relationship between reciprocal points is 
easier to determine and (iii) the interaction between the crystal and the X-rays are mathematically 
simpler. However this requires crystals at least 0.2 mm in size so cannot be applied to the nanostructures 
and thin films studied in this work and powder XRD and TEM were used as follows. 
 
Figure  2.6 The Ewald sphere of a beam 
with wavelength λ for a crystal with a set of 
(hkl) planes oriented at the Bragg angle θ 
(adapted from (Hammond, 2009)). 
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2.3 Powder X-ray Diffraction (XRD)                    
 
In powder XRD techniques the Ewald sphere ‘samples’ the reciprocal lattice by effectively varying θ in the 
Bragg equation [2.2] through (usually) having a sufficiently large number of more-or-less randomly 
orientated crystals in the specimen. This polycrystalline sample (or powder) is irradiated by a 
monochromatic (or near-monochromatic) X-ray source, and the diffracted intensity is recorded as a 
function of the scattering glancing angle 2θ as summarised in section 2.3.1. Information about the size of 
the crystals can be obtained from analysing the peak broadening as discussed in section 2.3.2.Texturing, 
where there is a preferential orientation, can be determined by recording the diffracted intensity as the 
sample is rotated whilst keeping the scattering angle constant and is summarised in section 2.3.3. 
 
2.3.1 Diffractometry  
 
A useful monograph on the experimental technique is (Cullity, 1978) whilst recent advances on the 
determination of organic structures using powder XRD are reviewed in (Tremayne, 2004). Since the 
sample is oriented in all directions, there will be some grains oriented with the reciprocal vector 
intersecting the Ewald sphere and diffraction will occur through a cone of semi angle 2θ as shown in 
figure 2.7a. Polycrystalline materials are made up of a large number of single crystals and the size range 
suitable for powder XRD is 10-8-10-4 m but preferably 2-10 µm. Ideally the crystallites are randomly 
orientated so that the detected intensity corresponds to equation 2.4 multiplied by the multiplicity. Any 
deviation from this intensity suggests the sample is textured. 
 
Powder diffraction has traditionally been used for rapid, non-destructive phase identification and 
quantitative analysis of multi-component mixtures, but in the last few decades inversion of powder XRD 
intensities has been very successful at determining the crystal structure of powders. However because it 
projects the three dimensional reciprocal space into a single dimension, structure determination is less 
straightforward than for single crystal XRD. Individual reflections often overlap and the number of 
available reflections to analyse is fewer especially at larger angles in the case of organic crystals. Hence, 
apart for the simplest of structures, powder techniques are only able to deal with situations where the 
structure is approximately known and used to refine the structure, usually through Rietveld analysis 
(Young, 1995). Similarly to crystallographic least-squares refinement, the predicted pXRD spectrum of a 
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candidate model is compared to the actual data and the lattice parameters, atomic coordinates and 
experimental contributions are varied until a good match is obtained. 
 
Various experimental configurations are possible and in this thesis the Bragg-Brentano θ-2θ configuration 
was used. The source of X-rays is fixed and the stage and detector rotate in the same direction, the 
detector at twice the angular velocity of the stage (figure 2.7b). The sample holder is a flat stage which 
induces excessive texture in powders and hence cannot be used for Rietveld analysis. The XRD spectra 
were obtained using a Panalytical X’Pert PRO MPD with Ni filtered Cu Kα radiation (λ =1.54 Å) at 40kV, 
40 mA usually with a 0.33° step size for 5°<2θ<30° and a scan time of ~10 min. The error in the position 
of peaks was estimated to be ±0.1° by repeating scans of the same sample. The size and the position of 
the samples were not standardised so as a general rule no quantitative analysis of the peaks was 
possible. Hence the ratios of intensities are generally compared.  
 
 
Figure 2.7 (a) Ewald sphere representation of powder diffraction and (b) Bragg-Bentano θ-2θ X-ray diffractometer  
 
2.3.2 Peak profile analysis 
 
Information regarding the average size of crystallites smaller than ~200 nm can be obtained from the 
broadening of a powder XRD peak. It can be derived that the full width at half maximum (FWHM) in 
radians B(2θ) of a peak at 2θ obtained with X-rays of wavelength λ is related to the Scherrer radius 
LScherrer which can be interpreted as the average crystal dimension perpendicular to the reflecting plane 
(Warren, 1990): 
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θθ
λ
cos)2(B
KLScherrer =                                                         [2.5] 
 
The Scherrer equation includes a correction factor K which is close to unity but can vary by 20% 
depending on the particle shape and the definition of the breadth of the peak (Wilson, 1963). In this thesis 
K is assumed to be 1 and an error of 20% included.  
 
The FWHM due to experimental broadening, mostly due to the finite size of the beam spot, must be also 
taken into account (Hammond, 2009). One of the simplest methods is to measure the experimental 
broadening of a powder where the grains are >200 nm in size and hence too large for any size-related 
broadening, at a scattering angle close to the original angle. This is then subtracted from the observed 
broadening: B = Bobs – Bexp. The experimental broadening was estimated from a dispersion of β-CuPc 
crystals where the crystals were >200nm in size. The powder XRD trace is shown in figure 2.8 and two 
values are used in this work; for 5°<2θ<10° Bexp = 0.08° and for 25°<2θ<30° Bexp = 0.13°. The increase in 
broadening is due to the increased separation between the Kα1 and Kα2 component of the X-ray 
radiation. There are other sources of broadening such as the presence of sub-grains boundaries and 
lattice strain and hence the Scherer radius should only be used as an approximate measure of particle 
size (Hammond, 2009). 
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Figure 2.8 θ/2θ powder XRD spectra of a dispersion of β-CuPc crystals. 
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2.3.3 Texture analysis 
 
XRD spectra in the θ/2θ configuration are known to show diffraction arising from planes deviating from an 
orientation parallel to the substrate by up to ~10°. This leads to some ambiguity when determining the 
actual molecular orientation. The uncertainty can be eliminated using pole figure analysis which can 
determine the angle between the normal to the diffracting plane and the normal to the sample surface 
(Birkholz et al., 2006). Once again there are various possible configurations and the Schulz reflection 
technique is used in this work (Cullity, 1978). The intensity of a reflection at 2θ is recorded as the sample 
is rotated by an angle φ about its normal and tilted by an angle ψ about an axis intersecting the substrate 
and the plane formed by the X-ray beam path (figure 2.9). A 2D plot is produced and the intensity peaks 
when the normal to the diffracting plane [hkl]* bisects the angle made by the incident and diffracted 
beams and hence parallel to the A-A axis, identifying the orientation of the diffracting plane with respect to 
the sample surface. If the crystal structure is known, the angle between the diffracting and molecular 
plane is also known and the molecular orientation can be determined. The spot size of the beam is a 
function of θ which must be taken into account when mounting the samples.  
 
Rocking curves are widely used for analysing the distribution of crystallites in textured polycrystalline thin 
films (Birkholz et al., 2006). In effect, the intensity of a reflection at 2θ is recorded as the sample is rotated 
by an angle ω about an axis normal to the plane formed by the X-ray beam path. By convention when 
ω=θ° the normal to the sample bisects the angle made by the incident and diffracted beam.  
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There are two main sources of error in pole figure analysis, brought about by the broadening of the 
irradiated area as the sample is tilted by an angle ψ which changes the spot size from a largely 
rectangular shape to a parallelogram as shown in figure 2.10.  Firstly at some tilt (usually ψ<40°) the 
broadening is such that the total width of the reflected beam L becomes broader than the width of the 
receiving slits and the recorded intensity decreases, an effect known as defocus (Heizmann and Laruelle, 
1986). Secondly in thick films the change in irradiated area is cancelled out by the change in penetration 
of the X-rays so that the diffracting volume remains constant, but in thin films the penetration remains 
constant so that the diffracted volume increases by a factor 1/cos ψ (Chateigner et al., 1992). There are 
various ways of correcting for these errors, the most common of which is to obtain a pole figure of a 
randomly orientated powder of the same thickness at the same scattering angle and to use this as 
correcting factor (Birkholz et al., 2006). As we will show in chapter 3 such corrections were more or less 
unnecessary in this work. 
 
 
Figure 2.10 Errors associated with pole figure analysis due to (a) defocus (Heizmann and Laruelle, 1986) and (b) 
absorption in thin films (Chateigner et al., 1992). 
 
The pole figures were obtained using a Panalytical X’Pert MRD with Ni filtered Cu Kα radiation (λ =1.54Å) 
at 40kV, 40 mA usually with φ=0°, -40°<ψ<40° and a 0.5° step size. Scan times varied between 1 and 8 
hours. 
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2.4 Transmission Electron Microscopy                                                                                                                              
 
TEM has the potential to give structural data from crystals whose maximum dimension is only 50 nm 
which are too small for either single crystal or powder diffraction structural analysis. The operation of the 
microscope is briefly summarised in section 2.4.1, the formation of diffractions patterns (DPs) and images 
in section 2.4.2 and sources of errors in section 2.4.3. Further detail can be obtained from numerous 
textbooks such as (Williams and Carter, 1996) for a general overview and the classic (Andrews et al., 
1967) for transmission electron diffraction. 
 
2.4.1 Operation 
 
Figure 2.11 is a schematic diagram of how an electron beam is produced and focused onto a sample in a 
conventional transmission electron microscope. The source of electrons can be a tungsten cathode or a 
LaB6 crystal which produces images of a better resolution but is more expensive and requires a higher 
vacuum. Modern microscopes can be fitted with a field emission gun (FEG) which produces a beam that 
is smaller in diameter, more coherent and with up to three orders of magnitude greater current density but 
is even more expensive and requires a more complicated lens system to control the beam.  
 
The electrons are then accelerated by applying a large voltage (100-1000 kV) and a system of two 
lenses, condenser lens 1 and 2, and an aperture, are used to converge the beam above, below or on the 
specimen plane. C1 controls the minimum spot size obtainable; increasing the spot ‘number’ (size) leads 
to increased demagnification of the source and to decreased current in the beam, while C2 controls the 
beam diameter and convergence and hence current density. The variable condenser aperture limits the 
fraction of the beam which is allowed to hit the specimen so also affects the beam diameter and 
convergence. The smaller the radius, the more parallel the beam and the better the resolution.  
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Two operating modes were used in this project and a schematic diagram of these two modes is shown in 
figure 2.12. The role of the objective lens is to collect the transmitted beam; its back focal plane contains 
the diffraction pattern (DP) of the specimen while its image plane reproduces a direct image of the 
Figure 2.12 Schematic diagrams of the lenses and apertures used in (a) selected area diffraction and (b) image 
mode in the TEM (adapted from (Williams and Carter, 1996)). 
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Objective 
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Figure 2.11 
Producing and focusing a beam of electrons 
on to the specimen in the TEM (adapted from 
(Williams and Carter, 1996)). 
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specimen. In diffraction mode the intermediate lens selects the back focal plane of the objective lens as 
its object, and the selected area diffraction (SAD) aperture is placed in the image plane to confine the 
area from which electrons are recorded. In this work the minimum area the SAD aperture could select 
was 0.6 µm in diameter. In imaging mode the intermediate lens selects the image plane as its object and 
the objective aperture is placed in the back focal plane picking out particular beam directions. Together 
with the projector lens, the intermediate lens magnifies the DP or image onto a phosphorus screen.   
 
DPs were obtained with a tungsten filament JEOL2000 and lattice images with a LaB6 JEOL2010 which 
are specifically designed for TED and HRTEM respectively, using an accelerating voltage of 80-120 kV. 
The camera length, which determines the magnification of the projected DP, was usually set to 300 cm. 
The direct electron optical magnification was usually set to 10,000-30,000 for TED and 100,000 for 
HRTEM. 
 
2.4.2 DP and image formation  
 
Figure 2.6 is drawn for the case where λ is of the same magnitude as dhkl as is the case for X-rays where 
λ ~ 1 Å. In the case of electrons accelerated by a voltage V, the wavelength λ = h/√2meV (ignoring 
relativistic effects) where h is Planck’s constant and m is the mass of the electron. Hence for V=100kV as 
in a conventional TEM, the wavelength is ~0.04Å and the Ewald sphere is correspondingly much larger. It 
approximates to a plane in the region close to the origin and passes very close to neighbouring reciprocal 
lattice points. TEM samples are extremely thin, usually <100nm thick, which elongates the reciprocal 
lattice points in a direction perpendicular to the sample plane and parallel to the electron beam. These 
may be extended sufficiently to intersect the Ewald sphere and allows many more reflection spots to be 
seen in an electron DP than would be allowed by Bragg diffraction. A theoretical example is shown in 
figure 2.13a where the electron beam is incident along the reciprocal a* axis of an orthorhombic crystal 
and the reciprocal lattice is drawn with the b* axis perpendicular to the plane of the page. The Ewald 
sphere, whose centre is far to the left, crosses many lattice nodes to produce the DP along the [100]* 
shown in figure 2.13b. For clarity only the (h0l) reflections corresponding to those shown in figure 2.13a 
have been indexed. Once calibrated, the inverse of the distance between the central transmitted spot and 
diffracted spot (hkl) gives the interplanar separation dhkl, whilst the angle between two diffracted beams 
and the transmitted beam gives the angle between the planes.  
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Figure 2.13 (a) Intersection of reciprocal lattice with lattice points 
extended along a* and Ewald sphere with diameter 1/λ and (b) 
resulting diffraction pattern when λ<<a and crystal is very thin 
along a* (based on (Hammond, 2009)).
Ewald Sphere
(diameter 1/λ)  
centred on crystal
 
 
Contrast in the imaging mode is a result of various mechanisms and controlled by the insertion, 
positioning and size of the objective aperture. Mass-thickness contrast can be due to atoms having 
different absorption cross-sections or regions of different thicknesses and densities, but the result is the 
same; electrons will be scattered by different amounts leading to dark and light regions. To form mass-
thickness images the objective aperture is completely removed.  
 
Amplitude contrast arises because different regions scatter more strongly in certain directions so viewing 
the image using scattered beam hkl will show regions where the hkl planes are present as bright. In this 
case a small objective aperture is centred on a hkl spot in the DP. If the aperture is centred on the 
transmitted beam as shown in Figure 2.14a, the image is called a bright field (BF)TEM image, while 
centring on a diffracted beam produces a dark field (DF)TEM image. Diffraction contrast is a special 
form of amplitude contrast where the plane of the sample is tilted so that only one diffraction spot in 
addition to the transmitted beam is excited. This ensures the maximum contrast because most electrons 
will be scattered in just two directions.  
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Finally phase contrast is due to the interference in the image plane between the transmitted and one or 
more diffracted beams, to produce what is known as a HRTEM image. Phase contrast relies on having 
very thin samples, so that the phases of scattered electrons change very slightly and coherently, and they 
can interfere constructively when passing through the objective aperture. The sample is tilted so that the 
beam lies along a low index zone axis with planes of atoms or molecules lying directly on top of each 
other. Selection of one scattered beam (hkl) in addition to the transmitted beam using a medium sized 
aperture produces a lattice image with a series of light and dark fringes separated by the interplanar 
distance of (hkl). A larger objective aperture can be also inserted so that many beams are selected as 
shown in figure 2.14b, each producing its own set of fringes. Hence the final picture is not a direct image 
of the structure but gives spatial information about planes parallel to the beam. Because the image is due 
to phase interference it is strongly affected by any aberrations in the lenses so HRTEM images have to 
be interpreted carefully. The forward fourier transform (FFT) represents an image in frequency space. 
The FFT reveals the periodic nature of the image; periodic objects will appear as bright spots, and the 
inverse of the distance between the centre of the image to the bright spot gives the periodicity, whilst the 
angle between two spots and the centre of the image gives the angle between the objects, as in DPs. 
FFTs are very useful because they often show periodicity that was not apparent in the original image due 
to noise. 
 
 
Figure 2.14 The size and the position of 
the objective aperture for producing a 
(a)bright field (BF)TEM image (objective 
aperture selects beam at T) and dark 
field (DF)TEM image (objective aperture 
selects beam at D) and (b) HRTEM 
image (objective aperture selects many 
beams) (Karlík, 2001). 
 
 
2.4.3 Error analysis 
 
Even though the structure of 1000 crystals have been determined using electron diffraction, this is small 
in comparison to the 250,000 or so structures determined from XRD techniques (Gilmore, 2003). This is 
because the interaction between electrons and matter is ~106 stronger than between X-rays and matter, 
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which allows for the study of crystals as small as 50nm but means diffraction is dynamic. This primarily 
means the electron beam is attenuated as it is scattered by the atoms in the crystal. Also unlike for XRD 
many beams are simultaneously excited because of the smaller wavelength so the two-beam 
approximation is inaccurate. Dynamic diffraction and multiple beam excitation can be accounted for using 
Bloch waves in  specimens less than 50 Å thick, which increases with the operating voltage (Dorset et al., 
1979). Unfortunately double (or multiple) scattering, where strongly diffracted beams from upper layers 
act as primary sources for lower layers, cannot be corrected for and complicates the determination of 
space groups because it generates reflections that should be forbidden as discussed in more detail in 
chapter 5. 
 
The sample is imaged with extremely high energy electrons (>100keV) which can induce significant 
damage. Beam damage is especially problematic for organic structures as will be discussed in more 
detail in chapter 4. Beam damage can be ignored provided images are taken before the sample is 
subjected to a critical beam dose which must be determined, usually the total dose of electrons (quoted in 
C/cm2
 
or e/Å2) that causes a significant change to some measurable aspect of the sample structure. The 
DP should be obtained with the beam axis exactly parallel to the zone axis so the time to tilt the sample to 
the required orientation must be also taken into account. 
 
Finally the last issue is the sample morphology. For example only a small proportion of reciprocal space 
can be sampled if the sample is textured parallel to the substrate because the sample can only be tilted 
by a maximum of 30°. This can be sometimes countered by using different growth methods which 
produce the same crystals but with different textures, or by obtaining cross-sections as is investigated in 
chapter 4. The sampling size in TEM is very small and what may appear to be a different polymorph could 
be in fact just a defect or a twinning formation.  
 
Hence even though it is possible to obtain crystallographic information using TEM, the process is not so 
straightforward, especially when trying to locate the atomic coordinates which depend on the intensity of 
the scattered beam. In this work the intensity of the diffraction spots was heavily affected by beam 
damage, dynamical scattering and incorrect alignment of the beam with respect to the crystal zone axis 
so were used for qualitative purposes only. However the distance between spots in the DP and FFT and 
their angular relationships are unaffected and were used to provide information about the interplanar 
separation and lattice parameters.   
Chapter 2                                                                                                                                       Experimental Methods 
 
 
 – 62 – 
Figure 2.15 Summary of DPs showing at least 4 spots separated by >1.10nm and their separation. The colour of the 
DPs have been inverted for presentation purposes. 
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The random error in the spacing between the spots in DPs was estimated using Agar™ CuPc calibration 
samples. These contain a dispersion of small needle-shaped crystals (~1 µm long) supported by a lacy 
carbon film on a copper microgrid with a reported interplanar spacing of 1.03 and 1.25nm. Eight DPs from 
eight different crystals showing at least four reflections separated by >1.10nm were obtained over a 
series of different sessions and are summarised in figure 2.15. The distance between the outer diffraction 
spots was measured correct to ±0.01 nm-1 using the internal microscope calibration setting which 
represents an relative error of 1.5%. An average distance of 1.27 nm was obtained with a standard 
deviation (σ) of 0.02 nm which agrees with the reported planar spacing to within the experimental 
accuracy. The σ corresponds to a relative error or 1.5%, which is equal to the relative error in the 
measurement of the distance between the spots and suggests there are no systematic errors. 
 
The random error in the spacing between fringes in HRTEM images was also estimated to be ±0.02 nm 
using a similar method. However HRTEM was subject to systematic errors of up to 0.1nm due to 
increased sensitivity to the calibration and alignment of the microscope. This is firstly because the direct 
electron optical magnification is much larger for HRTEM and secondly because the fringe spacing is 
significantly dependent on the defocus of the objective lens. Hence only the ratio between the lattice 
spacings in a HRTEM image which contains more than one set of lattice fringes should be used as an 
accurate measure of interplanar separation. 
 
 
2.5 Data analysis 
 
The structural analysis was helped by using various software. The XRD data was analysed using 
Highscore™ which was also used to estimate the background contribution. The TEM images and DPs 
were analysed using Gatan™. Crystallographic information files (CIFs) which contain information about 
the crystal lattice parameters, space group and atomic coordinates were either obtained from the 
Cambridge crystal structure database (CCDC) or written in Encifer™. The CIFs were read using 
Mercury™ to produce the molecular schematics shown in this thesis. The CIFs were converted to crystal 
maker diffraction files (CMDFs) using CrystalMaker™ and used to simulate the TED and XRD patterns 
using SingleCrystal™ and CrystalDiffract™ respectively. 
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Gaussian peaks were fitted to the various experimental curves using the following formula in ExcelTM: 
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where a is the peak amplitude, σ is the standard deviation and x0 is the central position of the peak. The 
FWHM of such a Gaussian is given by 2(2ln2)0.5σ. The data was fitted using the solver algorithm in 
Excel™ based on the least-squares method which minimises the root mean square (RMS) error: 
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where I(x) is the measured spectrum, F(x) is the fitted spectrum, and n is the number of data points 
collected to describe the spectrum 
 
 
2.6 Scanning Electron Microscopy 
 
In a scanning electron microscope (SEM) images are produced by scanning a 1-20 kV electron beam 
focused to a small spot (<5nm) in a raster mode across the sample (Goldstein et al., 2003).The intensity 
is determined by the amount of (usually) electrons detected by the detector when the probe is at a 
particular position. Both topographic, revealing details < 5nm in size, and chemical, at a resolution of 
~100 nm, information can be obtained depending on the detection mode.  
 
The main components of an SEM are shown in figure 2.16a. As for TEM, the source of electrons can be a 
tungsten cathode, LaB6 crystal or FEG but the lower accelerating voltage leads to different types of 
interactions with the sample. The electrons are also focused using a system of lenses and apertures to a 
spot <5nm in diameter. The beam passes through pairs of scan coils which deflect the beam in the x and 
y axes so that it scans in a raster fashion over a rectangular area of the sample surface. The working 
depth is the distance between the bottom final lens pole piece and the specimen. Various types of 
emissions can be detected which are collected, processed and rastered to form a digital image showing 
the intensity of emission. Magnification is controlled by the ratio of the dimensions of the raster on the 
specimen to the raster on the display and magnifications of 10x to 500,000x can be achieved depending 
on the microscope and sample.  
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When the electron beam is first incident on the sample, the electrons lose energy by repeated random 
scattering and absorption within a pear-shaped volume of the specimen known as the interaction volume 
(figure 2.16b). The depth of the interaction volume can vary from 100 nm to 1000 nm depending on the 
energy of the incident electrons and the nature of the sample. Secondary electrons (SE) correspond to 
loosely bound outer shell electrons which have received sufficient kinetic energy during the specimen-
beam interactions to be ejected from the specimen atom. Only SE emitted in the top 5-10nm of the 
sample can escape making this a topographic tool because the path length depends on the angle of the 
surface. Backscattered electrons (BSE) are beam electrons that have undergone sufficient specimen-
beam interactions to be reflected by angle >90º. The probability of backscattering increases with atomic 
mass making this mode sensitive to chemical composition. The detectors for the SE and BSE are located 
in different locations below the aperture. Increasing the beam voltage increases the interaction volume 
and hence decreases the resolution, whilst decreasing the working depth increases the resolution. 
 
 
 
SEM images were obtained using SE (unless specified otherwise) using a LEO Gemini 1525 FEGSEM. 
Organic samples are not very conductive and prone to charging so a ~10nm chromium layer was 
deposited on the samples by sputtering. An accelerating voltage of 5 kV and a working depth <10mm was 
used. 
 
Electron gun 
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Objective lens 
Scan coils 
Aperture 
SE Detector 
Specimen 
(a) (b) 
     BSE ~0.1-1 um  
 X-rays ~0.2-2 um 
Incident beam 
Figure 2.16 (a) The main components of a scanning electron 
microscope and (b) the interaction volume from which 
secondary electrons (SE) and X-rays are emitted and electrons 
backscattered (BSE). Adapted from (Goldstein et al., 2003). 
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3. STRUCTURE, SEGREGATION AND TEXTURE IN α-PC 
 
The crystal structure of crystalline powders of α-copper phthalocyanine (CuPc), α-metal-free 
phthalocyanine (H2Pc) and their mixtures is determined using powder X-ray diffraction (XRD). They 
are all isomorphous and adopt the triclinic structure proposed by Hoshino (Hoshino et al., 2003). 
However, XRD cannot determine whether mixtures are homogeneous over the length scale of a 
crystal grain. The triclinic structure is used to establish the molecular orientation in CuPc, H2Pc and 
mixed thin films which also adopt the α phase. The polycrystalline films are textured with the 
molecular plane at 82±11° to the substrate when deposited on amorphous substrates, as 
determined using pole figure analysis. Films of perylene-3,4,9,10-tetracarboxylic dianhydride 
(PTCDA) lie with the molecular plane 6±4° to the substrate and have a templating effect on 
subsequent Pc layers; the crystal structure is still α phase but the Pc molecular plane lies 7 or 9±5° 
to the substrate. Such an interpretation of templating is different to that previously given (Heutz and 
Jones, 2002; Sakurai et al., 2005). 
 
 
The majority of applications foreseen for Pcs is in the thin film form which allows for large-scale 
manufacture at low cost, deposition on flexible substrates and can be easily integrated into devices 
(Fraxedas, 2002). Furthermore, Pc crystals have highly anisotropic physical properties (McKeown, 1998) 
which can be exploited in textured Pc thin films. The magnetic properties of Pcs are attracting increasing 
interest (Heutz et al., 2007) and it is known that diluting metal Pcs in a non-magnetic matrix such as a 
solvent or metal-free phthalocyanine (H2Pc) leads to different spin couplings (Finazzo et al., 2006). To 
understand the processes involved and optimise the performance of devices, knowledge of the crystal 
structure, texture and segregation in the case of mixtures is crucial. This chapter looks at the properties of 
thin films of CuPc, H2Pc and mixtures grown using organic molecular beam deposition (OMBD) and 
deposited on weakly-interacting substrates with and without a layer of 3,4,9,10-tetracarboxylic 
dianhydride (PTCDA). OMBD Pc films are highly textured which hinders structure determination because 
of the lack of diffraction information but are known to adopt the α phase when the substrate is held at 
room temperature (Lucia and Verderame, 1968). Hence structure determination is aided by additional 
studies on crystalline powders of α-CuPc, H2Pc and mixtures which are less textured. 
 
As discussed in section 1.2.3, there is currently some confusion as to the structure of α-Pcs. Hoshino 
(Hoshino et al., 2003) has recently suggested that the commonly-accepted monoclinic structure for α-
CuPc proposed by Ashida (Ashida, 1966b) and later modified by Brown (Brown, 1968b) (henceforth 
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Ashida-Brown) is incorrect and proposed a triclinic structure but could not locate the positions of the H 
atoms. Both models are currently being used to index results. A schematic diagram of the molecular 
packing and stacking overlap within a molecular column is shown in figure 3.1 according to both models. 
In addition it is not known if the α-phase is isomorphous for all planar Pcs molecules like the isomorphous 
β-Pc polymorphs (Linstead and Robertson, 1936). In the case of H2Pc, Janczak has deposited a structure 
for α-Pc (Janczak and Kubiak, 1992) which is isomorphous to the structure proposed by Ashida-Brown for 
α-CuPc and it is thought that all planar α-Pcs adopt the same structure (Ashida, 1966b). 
 
 
Figure 3.1 The packing motifs along the [100] direction and in-stack molecular overlaps for the α-CuPc crystal 
structure proposed by (a) Ashida (Ashida, 1966b) and modified by Brown (Brown, 1968b) and (b) proposed by 
Hoshino (Hoshino et al., 2003). The closest distance between the molecules in adjacent columns is outlined in green. 
 
Planar molecules with an extended π system such as Pcs have a slipped-stack structure where the 
molecules stack in parallel to each other with a slight displacement in a direction parallel to the molecular 
plane to form tilted columns. In a herringbone structure like the model proposed by Ashida-Brown the 
molecules in some adjacent columns point in opposite directions, whilst in a brickstone structure like the 
model proposed by Hoshino the molecules all point in the same direction. The distinction between 
herringbone and brickstone structures is important because the closest distance between the molecules 
in neighbouring molecules is smaller for brickstone structures (as outlined in green in figure 3.1) which 
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implies a greater possibility of inter-stack interactions. Additionally spins in molecules in adjacent columns 
point in opposite directions which could lead to canted ferromagnetism as has been observed in β-MnPc 
(Miyoshi, 1974). The second difference between the models is that adjacent molecules within a stack are 
offset along different directions which could lead to different molecular orbital overlap and hence different 
physical behaviour. Hence it is important to determine which structure is correct and in section 3.1.2 we 
prove that α-CuPc adopt the structure proposed by Hoshino using powder X-ray diffraction (XRD) studies 
on crystalline powders grown using the acid-paste technique. In the rest of the chapter it also proved that 
powders and OMBD films of α-CuPc, α-H2Pc and their mixtures deposited on various substrates adopt 
the same structure. 
 
Many metal Pcs are paramagnetic because of the unpaired spin on the central ion (Ishikawa, 2010). This 
property, combined with the semiconducting properties of Pcs, could be used to make spintronic devices. 
Diluting the MPcs in a non-magnetic matrix such as H2Pc reduces dipolar interactions between the spins 
and introduces fine detail in the electronic spin resonance (ESR) spectrum (Sharp and Abkowitz, 1973). 
Interpretation of the magnetic properties requires accurate structural information. Although films (Lucia 
and Verderame, 1968) and powders (Sharp and Abkowitz, 1973) of mixtures of α-CuPc and H2Pc have 
been grown for a long time, there have been no detailed studies on their structural and segregation 
properties. Mixtures can be of two types; in segregated mixtures the individual grains are made of a 
single type of Pc mixed randomly (figure 3.2a), whilst in homogeneous mixtures a single grain will contain 
both CuPc and H2Pc molecules mixed randomly (figure 3.2b).  
 
Figure 3.2 Schematic diagrams of types of mixtures found in CuPc/H2Pc crystalline mixtures. The copper centre is 
shown as filled black circles and the Pc2- ligand as black empty circles. In segregated mixtures (a) the CuPc and H2Pc 
form segregated grains whilst in homogenous mixtures (b) the CuPc and H2Pc are mixed homogenously over the 
length scale of a single grain. 
(a) Segregated Mixtures (b) Homogeneous Mixtures 
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Powders are an ideal system to determine the type of mixture because it is possible to work with large 
quantities which becomes important if the concentration of CuPc is very low and the signal is weak. Also 
it is expected that mixing CuPc and H2Pc before reprecipitation from the acid paste leads to 
homogeneous mixtures, whilst mixing after reprecipitation leads to segregated mixtures, which gives a 
basis to compare the segregation properties in more complicated systems. Section 3.1.3 summarises the 
structure and segregation in CuPc and H2Pc mixtures produced using the acid-paste technique as 
studied using XRD.  
 
Due to the pronounced anisotropy of the optical, electronic and magnetic properties of Pc crystals as 
discussed in section 1.1, there is a large interest to grow highly ordered, textured films. In certain 
applications, it is preferred to have a standing stacking axis, whilst in others a parallel standing axis is 
preferred (as defined in figure 1.8). A small spread in the preferred molecular orientation relative to the 
substrate (the molecular tilt as defined in figure 1.8) is desirable, for example hole mobility in pentacene 
and diindenoperylene polycrystalline thin films has been shown to decrease by an order of magnitude as 
the spread in molecular tilt increases (Karl, 2003). Control of the molecular tilt can be achieved by 
growing Pc films using OMBD and depositing on various substrates. As discussed in section 1.3.3, it is 
known that Pc films adopt the α phase (Lucia and Verderame, 1968) with the stacking axis lying 
preferentially parallel to the plane when deposited on weakly-interacting substrates (Resel et al., 2000; 
Berger et al., 2000). However no consensus has been reached on the molecular tilt or its spread. In 
section 3.2 the texture of 100-200 nm thick CuPc, H2Pc and mixed films deposited on various weakly-
interacting substrates is determined using pole figure analysis and the molecular tilt is resolved using the 
structure proposed by Hoshino.  
 
Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) is another aromatic molecule which forms 
semiconducting crystals. Contrary to most aromatic crystalline thin films, OMBD films of PTCDA have a 
standing stacking axis when deposited on weakly-interacting substrates (Lovinger et al., 1984). Heutz et 
al discovered that depositing Pcs on a layer of PTCDA had a templating effect on the CuPc molecular 
orientation and led to a standing stacking axis (Heutz and Jones, 2002). Heutz et al proposed that the 
H2Pc molecules adopt a layered structure with an interplanar spacing of 3.33 Å and an intermolecular 
shift of 1.7 Å as shown in figure 1.9. In section 3.3 the molecular order of the templated films is revised in 
light of the structure proposed by Hoshino and the texture of the films is determined using pole figure 
analysis. 
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3.1 α-Pc Powders 
 
Crystalline powders of α-CuPc and α-H2Pc and mixtures were produced using the acid-paste technique. 
This is a common industrial method used to make very fine crystals with better pigments qualities and 
leads to the α-phase (Faulkner and Schwartz, 2009). As discussed in more detail in section 2.1, the Pc is 
dissolved in concentrated sulphuric acid (98%) and usually reprecipitated in water although a variety of 
basic solvents can be also used. In the case of H2Pc the acid has to be cooled to 0°C and reprecipitated 
in isopropanol (also at 0°C) to minimise hydrolysis of the Pc ring to phthalimide (Zhang et al., 2004), a 
factor which is sometimes overlooked. In section 3.1.1 the morphology of the single phase powders are 
studied using a combination of secondary electron scanning electron microscope (SEM) and XRD peak 
profile analysis. In section 3.1.2 and 3.1.3 the crystal structure of the single phase and mixed powders 
respectively is determined by comparing XRD patterns with calculated X-ray scattering intensity profiles.  
 
3.1.1 Morphology 
 
SEM was first used to image the CuPc and H2Pc powders. The Pc grains tend to aggregate so were 
sonicated in isopropanol for ~30 minutes before being dispersed on a carbon-coated TEM grid and 
coated with a ~10nm Cr layer. The carbon film provides a clean conducting substrate which, along with 
the Cr layer, minimises charging in the SEM. Figure 3.3 shows typical images where spherical features 
can be observed which are assumed to be the Pc grains. In both CuPc and H2Pc the grains have a  
20-50 nm diameter.  
 
 
100 nm 100 nm 
(a) (b) 
Figure 3.3 SEM images of acid-paste (a) H2Pc and (b) CuPc powder. 
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As discussed in section 2.3.2, the full width at half maximum (FWHM) of a diffraction peak can provide 
information about the average crystal dimension perpendicular to the reflecting plane using the Scherrer 
equation [2.5]. Normalised XRD patterns of the CuPc and H2Pc powders are shown in figure 3.4 for 
5°<2θ<9° where the most intense peaks are found (as will be seen in section 3.1.2). Gaussian curves 
were fitted to the peaks at 2θ = 6.8±0.1° and 7.4±0.1° and the parameters are summarised in table 3.1. 
The Gaussians cannot exactly reproduce the tails of the peaks because of non-Gaussian experimental 
broadening but since the Scherrer equation is an approximate measure of size this is acceptable 
(Hammond, 2009). An average value of 25±5nm is obtained in both powders which is similar to the plan-
view diameter of the crystals observed in the SEM images and suggests the grains are spherical. 
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Figure 3.4 Gaussian fits to XRD peaks at 2θ = 6.8 and 7.3° of acid-paste (a) α-CuPc and (b) α-H2Pc 
 
Table 3.1 Parameters of Gaussian fits to α-CuPc and α-H2Pc XRD patterns 
 2θ (°) σ (°) LScherrer (nm) h    2θ (°) σ (°) LScherrer (nm) 
α-CuPc 6.75 0.24 18  7.31 0.17 18 
α-H2Pc 6.81 0.24 28  7.39 0.17 28 
 
3.1.2 Crystal structure 
 
XRD was used to confirm the crystal structure of the α-CuPc and H2Pc powders. The X-ray scattering 
intensity profiles, also known as stick patterns, for the α-CuPc crystal structures proposed by Ashida-
Chapter 3                                                                                                        Structure, segregation and texture in α-Pc 
 
 
 – 72 – 
Brown and Hoshino (see figure 3.1) were calculated using CrystalDiffract™. The stick pattern gives the 
scattering intensity for the (hkl) planes at a scattering angle 2θ; the scattering angle and (hkl) indexation 
is determined by the unit cell whilst the intensity is determined by the structure factor.  
 
The stick patterns, normalised to the peak at 6.8°, are overlaid on the experimental XRD pattern of the 
CuPc powder in figure 3.5 for 5°<2θ<30°. The stick pattern based on the model proposed by Ashida-
Brown does not predict peaks at 26.6 and 27.6±0.1° unlike the model proposed by Hoshino. Hence the 
model proposed by Hoshino is a more accurate description of the unit cell in α-CuPc and all indexations 
in this thesis are based on this model.  
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Figure 3.5 XRD patterns of crystalline powders of α-CuPc and H2Pc. The background has been removed and the 
intensity normalised to the peak at 6.8° for presentation purposes. Overlaid are the coloured theoretical stick patterns 
for the crystal structures proposed by Ashida (Ashida, 1966b) and modified by Brown (Brown, 1968b), Hoshino 
(Hoshino et al., 2003), Hoshino without a Cu atom (Cu-free Hoshino) and Janczack (Janczak and Kubiak, 1992). The 
peaks that are important in this thesis are indexed for reference, according to the model proposed by Hoshino.  
 
The discrepancy between the intensity of the stick pattern and the experimental diffraction data is most 
probably due to texture in the powder. The XRD pattern was obtained from a sample which is dispersed 
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in acetone and dropped on the sample holder before the acetone naturally evaporates. This induces 
texture along the most developed facets which are most probably the (100) and (001) planes for α-CuPc 
at 2θ = 6.8° and 7.3° respectively. An experiment free of texture would require capillary XRD which packs 
the powder in a small cavity (Suryanarayana and Norton, 1998) which we did not have access to. 
 
XRD was then used to confirm the crystal structure of the H2Pc powder. Figure 3.5 also shows the XRD 
pattern of the H2Pc powder and whilst there are some similarities with the XRD pattern of the CuPc 
powder, namely the peaks at 2θ = 6.9° and 7.4°, there is no peak at 2θ = 10.0° and there is an additional 
peak at 2θ = 13.7°. The stick pattern for the structure proposed by Janczack (Janczak and Kubiak, 1992)  
for α-Pc was calculated using CrystalDiffract™, normalised to the peak at 6.8° and overlaid on the 
experimental XRD pattern of H2Pc. The stick pattern does not predict the prominent peaks at 26.6 and 
27.6 ±0.1° in the experimental XRD pattern. 
 
A trial crystal structure for α-H2Pc is here proposed using Hoshino’s structure for α-CuPc but ignoring the 
Cu atom and central H atoms which approximates H2Pc to Pc. The outer H atoms are not included either 
since Hoshino could not locate their position because of their small contribution to the X-ray scattering 
intensity. The theoretical stick pattern for the trial structure is overlaid on the experimental H2Pc pattern 
normalised to the peak at 6.8°. This time the scattering angles of the stick pattern and the experimental 
peaks match to ±0.1° which means that the unit cell proposed by Hoshino for α-CuPc is also a good 
description of the unit cell in α-H2Pc. The intensities do not agree due to texture and because the 
contribution from the H atoms is ignored which is more significant in the case of H2Pc than CuPc because 
of the absence of the strongly scattering Cu ion. As a measure of the contribution of the H atoms to the 
scattering intensity, the stick patterns of Ashida-Brown’s and Janczack’s model for CuPc and H2Pc 
respectively were calculated without including the H atoms. On average the relative scattering intensity 
differed by 5% and 15% respectively from the original stick patterns. 
 
The scattering intensities of α-CuPc and α-H2Pc are different in the 9°>2θ>23° region, in particular peaks 
are present at 13.7 and 14.8±0.1° in α-H2Pc but not in α-CuPc, and at 10.0±0.1° in α-CuPc but not in α-
H2Pc. The peaks correspond to the (200), (002) and (10-1) planes respectively. The structure factor of 
CuPc (FCuPc) is the sum of the structure factor of the Cu2+ ion (FCu) and the Pc2- ligand (FPc) which are real 
in the case of centrosymmetric molecules such as CuPc. It has been shown to a first approximation that 
H2Pc and the the Pc2- ligand have the same structure factor (FPc = FH2Pc). The scattering intensity is the 
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square of the structure factor (I = F2). The structure factors and scattering intensities for CuPc and H2Pc 
were calculated using CrystalDiffract™ for the (100), (200), (002) and (10 -1) reflections and are 
summarised in table 3.2. The scattering intensities relative to the (100) reflection are also included for 
comparison. It seems that by coincidence, the contribution from the Cu ion and Pc ligand almost cancel 
out for the (200) and (002) reflections, whilst the Pc contribution for the (10 -1) reflection is negligible so is 
entirely due to the Cu ion. 
 
Table 3.2 Structure factors, scattering intensity and scattering intensity relative to the (100) for CuPc and H2Pc 
hkl 2θ(°) FPc IH2Pc = FPc2 Ihkl/I100 for H2Pc FCu FCu+FPc ICuPc = (FCu+FPc)2 Ihkl/I100 for CuPc 
100 6.85 0.110 1.22E-02 1.000 0.070 0.180 3.27E-02 1.000 
10 -1 10.0 0.009 7.54E-05 0.006 0.047 0.058 1.50E-03 0.096 
200 13.7 -0.041 1.69E-03 0.138 0.034 -0.007 5.44E-05 0.002 
002 14.8 -0.056 3.11E-03 0.254 0.031 -0.025 6.05E-04 0.018 
 
3.1.3 Mixtures 
 
This section determines whether mixtures of CuPc and H2Pc produced using acid paste are isomorphous 
to α-CuPc and α-H2Pc and whether it is possible to determine the type of mixture as depicted in figure 3.2 
using XRD analysis. Two 1:1 CuPc:H2Pc  mixtures in weight, or equivalently with CuPc molar proportion 
pCuPc = 0.45, were produced using the acid-paste technique. In the first instance equal amounts of CuPc 
and H2Pc acid-paste crystals were mixed together using a pestle and mortar which is expected to 
produce segregated mixtures (figure 3.2a). In the second instance equal amounts of CuPc and H2Pc 
were mixed in concentrated sulphuric acid before reprecipitation in ice-cold IPA. This method is expected 
to produce homogeneous mixtures (figure 3.2b) but it is possible that there is a tendency for a Pc to 
precipitate preferentially producing a mixture that is not truly homogeneous.  
 
The XRD patterns of the segregated and homogeneous mixtures normalised to the peak at 6.8° are 
shown in figure 3.6. The FWHM of the peaks is similar to that of the CuPc and H2Pc powders which 
indicates crystals of a similar size. The XRD patterns of the mixtures are almost identical to each other 
which means either the mixtures have the same segregation properties or that XRD cannot differentiate 
between homogenous and segregated mixtures of CuPc and H2Pc. 
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Figure 3.6 XRD patterns of 1:1 homogenous and segregated mixtures of CuPc and H2Pc compared with the 
theoretical XRD intensity predicted using equation 5.5a and 5.5b shown as coloured stick patterns. The background 
has been removed and the intensity normalised to the peak at 6.8° for presentation purposes.  
 
The scattering intensity of a homogeneous mixture Ihom is proportional to the intensity scattered from a 
single grain because all grains have the same composition. Supposing mixtures are isomorphous with α-
CuPc, and since the structure factor of CuPc can be approximated by summing the structure factor of 
H2Pc (FH2Pc) and Cu (FCu), Ihom can be calculated by assigning an occupancy pCuPc to the Cu atom using 
CrystalDiffract™: 
IHom    =   (FH2Pc + pCuPc FCu )2                                                              [3.1] 
 
In segregated mixtures each crystal is made solely of either CuPc or H2Pc. Hence the scattering intensity 
Iseg is proportional to the scattering intensity from the H2Pc and CuPc grains multiplied by their proportion: 
 
ISeg = pH2Pc FH2Pc2 + pCuPc FCuPc2 = (1 – pCuPc ) FPc2 + pCuPc  FCuPc2                           [3.2] 
 
where pH2Pc is the proportion of H2Pc. This can be also calculated using CrystalDiffract by assigning the 
mixing ratio. The stick patterns for homogenous and segregated mixtures with pCuPc=0.45 were calculated 
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using CrystalDiffract™ and are overlaid on the respective experimental XRD patterns in figure 3.6. Once 
again there is a discrepancy with the intensity of the peaks because of texture and because the 
contribution from the H atoms is ignored which is significant in the case of H2Pc and mixtures. The 
scattering angles of the stick pattern and the experimental peaks match to ±0.1° which means that 
mixtures of H2Pc and CuPc are isomorphous to α-CuPc. The stick patterns of the segregated and 
homogeneous mixtures have almost identical intensities, which is why it is impossible to distinguish 
between them with XRD. However electron spin resonance (ESR) studies by our collaborators show that 
mixtures which are expected to be homogenous and segregated are in fact homogenous and segregated 
as expected. Fine detail in the ESR spectra, as observed by (Sharp and Abkowitz, 1973) and are only 
expected in homogeneous mixtures, appears when CuPc and H2Pc are mixed previous to reprecipitation, 
but not if mixed after reprecipitation. This will be the subject of a colleague’s thesis (Warner).  
 
In conclusion α-CuPc, α-H2Pc and mixtures are isomorphous with a brickstack packing but have different 
structure factors due to the proportion of Cu present. Since α-CoPc (Hoshino et al., 2004; Ballirano et al., 
1998) and α-FePc (Evangelisti et al., 2002) also have similar triclinic structures, it is fair to assume that 
the α phase is isomorphous for all planar Pcs. It is expected that there will be small differences in the 
lattice parameters and atomic coordinates, just like for the isomorphous β-Pc series where lattice 
parameters vary by ~0.1% and molecular orientations vary by ~1° (Linstead and Robertson, 1936). A 
more accurate determination, particularly for locating atomic coordinates, would require capillary XRD.  
 
 
3.2 α-Pc films 
 
Having determined the correct structure of α-Pcs, the results can now be applied to study the more 
complex but technologically relevant α-Pc thin films. In section 3.2.1 the structure and morphology of the 
films is studied using XRD and SEM, and in section 3.2.2 the texture is determined using pole figure 
analysis.  
 
Thin films of CuPc, H2Pc and mixtures with CuPc molar proportion pCuPc=0.05 (henceforth simply 
5%CuPc) were deposited using OMBD as described in section 2.1.2. Films of thickness 100-400nm were 
deposited at a typical growth rate of 1-2 Å/s. The mixed films were obtained by heating the CuPc and 
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H2Pc powders separately at different temperatures to reach the required rate of deposition ratio. A 
5%CuPc molar proportion was used because it was found to be ideal for subsequent ESR studies by our 
collaborators in terms of the Cu spin separation and signal intensity. Such a low deposition rate was 
achieved by recalibrating the in-situ QCM1. Various amorphous substrates were used: glass, 
polymethylmethacrylate (PMMA) and 25-50 µm thick kapton. Kapton is a flexible polyimide compatible 
with ESR and has a fingerprint signal that can be used to align the ESR spectra and has a high thermal 
stability so can be used to as a substrate even at elevated temperatures. However it can crystallise when 
irradiated with X-rays leading to the appearance of spurious background peaks in the XRD spectra of our 
films.  
 
3.2.1 Morphology and crystal structure  
 
Figure 3.7 compares typical SEM images from the 100 nm CuPc, 200nm CuPc and 200 5%CuPc films 
deposited on kapton. The diameter is estimated by dividing a 0.9 um2 area by the number of crystals 
present and taking the square root and the error is estimated from the range of diameters observed. 
Approximately spherical grains are observed and the diameter increases from 40 to 60±10 nm when the 
thickness of the CuPc film increases from 100 to 200 nm. Yim has also observed an increase in grain size 
as a function of thickness (Yim and Jones, 2006). Changing the proportion of CuPc from 100% to 5% 
however does not affect the grain size of the crystals as expected from the conformity of CuPc and H2Pc 
at a structural level. 
 
 
Figure 3.7 SEM images of (a) 100 nm CuPc (b) 200 nm CuPc and (c) 200 nm 5%CuPc films deposited on kapton 
using OMBD 
                                                 
1
 Recalibration performed by Salahud Din at Imperial College London 
200 nm 200 nm 
(a) (b) 
200 nm 
(c) 
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Figure 3.8 compares the typical XRD patterns of 100 nm CuPc, 200 nm CuPc, 200nm 5%CuPc and 400 
nm H2Pc films deposited on kapton. The background has been removed and the traces normalised for 
presentation purposes. Each pattern contains five peaks at the most, indicating a preferred orientation of 
the crystallites with the set of planes generating the XRD peak lying closely parallel to the substrate. The 
FWHM of the most intense peak at 2θ = 6.8° was 0.20±0.01° for all films, and using equation 2.5 gives a 
Scherrer radius of 70±15 nm. The fact that the Scherrer radius, which can be interpreted as the average 
crystal dimension perpendicular to the reflecting plane, is independent of thickness implies there are 
either other sources of broadening like strain, or that the crystals are not continuous throughout the 
thickness of the films and grow to a maximum height of ~70nm. This will be discussed further in chapter 
4. 
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Figure 3.8 XRD patterns of 100-400nm CuPc, H2Pc and mixed films deposited on kapton using OMBD. The kapton 
background has been removed and the intensity normalised to the peak at 6.8° for presentation purposes.  
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The films show a peak at 2θ = 6.8±0.1°, a small shoulder at 7.4±0.1° and an additional peak at 13.7±0.1° 
for films that contain H2Pc. These correspond to the (100), (001) and (200) planes respectively of α-CuPc 
(as indexed using the structure proposed by Hoshino (Hoshino et al., 2003)). The intensity of the peak at 
2θ = 13.7° depends on the proportion of H2Pc because of the difference in structure factors between 
CuPc and H2Pc. As in the case of the mixed powders, XRD cannot determine whether the mixtures are 
segregated or homogeneous, but ESR spectra by our collaborators show fine detail which indicates the 
mixtures are homogeneous (Warner). 
 
Pc films with thickness > 200 nm show weak additional peaks at 2θ = 26.6 and 27.6±0.1° as has been 
also observed by (Hassan and Gould, 1992). These correspond to the (01-2) and (11-2) planes of α-
CuPc respectively as indexed using the structure proposed by Hoshino. In previous studies the peaks at 
2θ = 26.6 and 27.6±0.1° could not be indexed because the structure proposed by Ashida-Brown (see 
figure 3.1) did not predict peaks at those scattering angles.  
 
It should be noted that the peaks observed in films with thickness ≤ 200 nm could be due to the (200), 
(002) and (400) planes of γ-CuPc which is isomorphous to the α-PtPc structure (Erk and Hengelsberg, 
2003) on which the Ashida-Brown model for α-CuPc is based. Alternatively the films could adopt a 
different phase unidentified as of yet. Even though there is insufficient crystallographic information to 
prove that vacuum-deposited Pc films adopt the α phase, we believe they do for the following reasons: 
i. The optical absorption spectra of CuPc films and powders obtained through the acid paste technique 
are similar (Lucia and Verderame, 1968). Unfortunately the optical absorption spectra of γ-CuPc was 
not available for comparison. 
ii. As will be discussed in section 4.5, high resolution transmission electron microscopy images of cross-
sections of the Pc films show fringes that correspond to the [010] projection of α-CuPc. However it 
could also correspond to the [010] projection γ-CuPc. 
iii. Appendix B lists the powder diffraction peaks of the 9 well-characterised polymorphs of CuPc and 
only α-CuPc (using the structure proposed by Hoshino) has peaks at 2θ = 26.6 and 27.6±0.1°. Hence 
films of thickness >200 nm have at least a portion of crystals that adopt the α phase. 
iv. XRD patterns of films with thickness <200 nm but deposited at high growth rates also show the 
characteristic peaks at 2θ = 26.6 and 27.6±0.1° (Resel et al., 2000) 
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v. TED of <100 nm CuPc films deposited on various ionic substrates such as KCl and Mica show that 
the films adopt the α phase (Hoshino et al., 2003). 
vi. STM of a 50nm CuPc film deposited on a Si substrate show the brickstack formation and lattice 
parameters expected for α-CuPc (Hiesgen et al., 2000; Gardener et al., 2008), whilst γ-CuPc has a 
herringbone structure. 
 
A schematic of the molecular orientation with respect to the (100) diffracting plane according to the α-
CuPc structure proposed by Hoshino is shown in figure 3.9. The molecule is oriented at an angle of 82° to 
the diffracting plane. 
 
 
 
3.2.2 Texture  
 
XRD in the θ/2θ configuration is known to show diffraction arising from planes deviating from an 
orientation parallel to the substrate by up to ~10°. The orientation of the diffracting planes relative to the 
substrate can be determined more accurately using pole figure analysis. As discussed in section 2.3.3, 
the intensity of a reflection at 2θ is recorded as the sample is rotated by an angle φ about its normal and 
tilted by an angle ψ to form a 2 dimensional map called a pole figure. The intensity of the diffraction peak 
is maximum when the normal to the plane bisects the source-substrate-detector angle, allowing us to 
determine the orientation of the diffracting plane with respect to the substrate. If the crystal structure is 
known, the angle between the diffracting and molecular plane is also known and the molecular tilt (as 
defined in figure 1.8) can be derived. The X-ray beam broadens out at the sample, especially at smaller 
scattering angles (the X-ray beam is ~ 9 cm wide at 2θ = 6.8°) so the sample must be very large or 
circular and perfectly centred.   
 
α-Pc(100) 
82° 
Figure 3.9 The molecular orientation of α-Pc with respect to the (100) plane represented in 
red along the (a) [010] zone axis and (b) molecular plane.  
(b) (a) 
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Rocking curves are widely used for analysing the distribution of crystallites in textured samples (Birkholz 
et al., 2006). In effect the intensity of a reflection at 2θ is recorded as the sample is rotated by an angle ω 
about an axis normal to the plane formed by the X-ray beam path (see figure 2.9), and by convention 
ω=θ° when the normal to the sample bisects the angle made by the incident and diffracted beam. If the 
diffracting plane is parallel to the substrate surface the intensity of the diffraction peak is maximum at 
ω=θ°. The FWHM of the rocking curve is used as a measure of the spread in orientation. Unfortunately it 
proved impossible to obtain rocking curves of Pc films because the 0°<ω<2θ° range was too small to 
cover the distribution in the planar orientation. Instead ψ curves were obtained, where the sample is tilted 
by an angle ψ about an axis intersecting the substrate and the plane formed by the X-ray beam path. The 
FWHM of the ψ curves has been used as a measure of the spread in orientation (Resel and Leising, 
1998; Tracy and Knorr, 1993). For polycrystalline samples without any in-plane texture a ψ curve should 
be identical to a rocking curve and to a pole figure integrated over φ. In ψ and rocking curves the sample 
does not have to be larger than the beam spot or small and perfectly centred, but to ensure the maximum 
signal-to-noise ratio the sample should still cover as much as the beam spot as possible.   
 
The pole figure at 2θ = 6.8° corresponding to the (100) plane of a 150nm thick CuPc film deposited on a 
10cmx10cm PMMA slab is shown in figure 3.10. Since the sample was larger than the beam spot it did 
not have to be circular. The peak in the pole figure is centred at ψ=0° which implies that the Pc crystals lie 
with the (100) planes preferentially parallel to the substrates. The pole figure is radially symmetric as 
expected for polycrystalline samples with a random in-plane orientation. 
 
Figure 3.10 The pole figure at 2θ = 6.8° of a 150nm CuPc film deposited using OMBD on a 10cmx10cm PMMA slab. 
The intensity has been normalised and the background removed for presentation purposes. 
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ψ curves at 2θ = 6.8° of 100nm and 200nm CuPc and 5%CuPc films deposited on kapton and glass 
substrates are summarized in figure 3.11a. The ψ curves at 2θ = 6.8° for the bare substrates are also 
included for comparison. It has been suggested that obtaining ψ curves for 2θ<10° is unreliable due to 
uneven broadening of the X-ray beam over the thickness of the film as discussed in section 2.3.3 
(Birkholz et al., 2006). The fact that the contribution from the substrates is almost independent of ψ, and 
the maximum intensity of the ψ curves from the CuPc films is proportional to the thickness of the films 
(ignoring the background contribution) suggests otherwise. Coincidentally, the ψ curve for the 200nm 
5%CuPc film and the 100nm CuPc film have similar peak intensities because of the larger scattering 
factor of Cu compared to the rest of the CuPc molecule. 
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Figure 3.11 (a) ψ curves at 2θ = 6.8° of CuPc and 5%CuPc films with thickness 100-200nm deposited on kapton and 
glass substrates, and of the bare substrates. The intensity is normalised to the scan time per point. In (b) the kapton 
background has been removed and the ψ curves normalised (dashed line) to the maximum peak intensity. The pole 
figure at 2θ = 6.8° of a 150nm CuPc film deposited on PMMA (figure 3.10) and integrated over φ is also included. The 
curves are fitted to Gaussians distributions (full lines). 
 
The normalised Ψ curves of the 200nm CuPc and 200nm 5%CuPc films on kapton and the pole figure of 
the 150nm CuPc film on PMMA integrated over φ are compared in figure 3.11b. The integrated pole 
figure has an almost identical distribution to the Ψ curves and subsequent texture analysis will consist of 
ψ curves only to minimise sample size and scan time. The three curves, as well as the other curves in 
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figure 3.11a, can be approximated using a Gaussian of standard deviation (σ) ~11°. The distributions 
deviate slightly from the fit probably due to residual uneven broadening of the X-ray beam. Hence using 
figure 3.9 it can be deduced that the Pc films have a molecular tilt of 82±11°. The distribution in molecular 
tilt is independent of substrate so is a property of the Pc crystals rather than the topography of the 
surface. The distribution is also independent of the proportion of CuPc which corroborates the 
isomorphism of H2Pc and CuPc. Finally the thickness has no effect on the distribution, which means the 
texture along the (001) planes observed in 200 nm thick CuPc films is spontaneous and does not involve 
a gradual change in the texture of the crystals which would broaden the Ψ curves.  
 
As discussed in section 1.3.1, aromatic molecules initially aggregate by diffusing laterally over the surface 
of a substrate and form co-facial stacks on weakly-interacting substrates to maximise van der Waals 
interactions between the molecules. Intra-stack repulsion is then minimised by small rotations of the 
molecules about an axis normal to the substrate and to the molecular plane. Pc films are textured along 
the (100) and (001) planes because this leads to a parallel stacking axis and the highest possible 
molecular density in the first monolayer. Texture along the (100) plane is energetically preferable to the 
(001) plane because the molecular orientation is 82° and 66° to the stacking axis is respectively. Hence 
there is smaller deviation from the ideal van der Waals face-to-face configuration along the (100) plane. 
 
 
3.3 Templated films 
 
Depositing Pcs on a layer of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) has been shown to 
alter the texture (Heutz and Jones, 2002). The structural properties of PTCDA are first determined in 
section 3.3.1 followed by the structural properties of the templated films in section 3.3.2. 
 
PTCDA films with thickness of 20nm and 100nm were deposited on kapton using OMBD at a rate of 0.2 
and 1Å/s respectively. Those thickness were chosen because it has been shown that 20nm is the 
minimum thickness that will have a complete templating effect on subsequent Pc layers (Heutz and 
Jones, 2002), whilst the structural properties of 100nm PTCDA films proved easier to study. Three 
templated films were deposited using OMBD: a 100nm PTCDA first layer with a 100nm CuPc second 
layer, a 20nm PTCDA first layer with a 200nm CuPc second layer and a 20nm PTCDA first layer with a 
Chapter 3                                                                                                        Structure, segregation and texture in α-Pc 
 
 
 – 84 – 
200nm 5%CuPc second layer. The films were deposited on kapton at a rate of 0.2 Å/s for the 20 nm 
PTCDA layer, 1 Å/s for the 100nm PTCDA layer and a rate of 1-2 Å/s for the Pc layers.  
 
3.3.1 PTCDA films 
 
Figure 3.12a shows a typical SEM image of the 100nm PTCDA film deposited on kapton. The SEM image 
of the 20nm PTCDA film on kapton did not show sufficient contrast for imaging. Similarly to CuPc films, 
individual grains can be observed in the 100nm films but the grains are less spherical and have a slightly 
larger average diameter of ~50 nm. The XRD traces of the 20nm and 100nm PTCDA films are compared 
in figure 3.12b and both have a single peak at 2θ = 27.7±0.1°. The FWHM of the peak for the 100nm film 
is ~0.30° which corresponds to a Scherrer radius of 40±10 nm. PTCDA has two polymorphs α and β with 
very similar monoclinic structures which have been recently refined (Tojo and Mizuguchi, 2002a, b). The 
α phase is more predominant in powders and β phase more prominent in films (Mobus et al., 1992). The 
peak at 2θ = 27.7° corresponds to the (10-2) plane of β-PTCDA. The molecular projection with respect to 
the (10-2) diffracting plane is shown in figure 3.13 and the molecules lie almost parallel to the diffracting 
plane at an angle of 6°. The structure is herringbone and the molecules in alternating columnar stacks are 
inclined at 171° to each other. 
 
 
Figure 3.12 (a) SEM images of 100nm PTCDA film deposited on kapton and (b) XRD patterns of PTCDA films with 
(blue) 20nm and (black) 100 nm thickness deposited on kapton. The intensity is normalised to the scan time and the 
kapton background has been removed for presentation purposes. 
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Figure 3.13 The molecular orientation of β-PTCDA (a) along and (b) perpendicular to the (102) plane 
 
The Ψ curve and rocking curve at 2θ = 27.6° of the 100nm PTCDA film were obtained to determine the 
molecular orientation (figure 3.14). The scattering angle was set to 2θ = 27.6° as opposed to 27.7° to 
simplify the data analysis and comparison with the templated films in the next section. As opposed to the 
Pc films, the distribution in planar orientation was narrow enough and the scattering angle was large 
enough to allow for a rocking curve. The peaks of the Ψ and rocking curve are centred at Ψ=0° and ω = 
13.8° = θ° respectively which implies the (10-2) diffracting plane is parallel to the substrate and the 
PTCDA has a molecular tilt of 6°. This fine-tunes the value of 10-15° obtained by Lovinger et al. also 
using pole figure analysis and an earlier, less accurate crystal structure.  
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Figure 3.14 (a) Ψ curve and (b) rocking curve at 2θ=27.6° for 100 nm thick PTCDA film deposited on kapton. Solid 
lines are Gaussian fits with σ = 4.0° and σ = 2.7° respectively. The contribution from the kapton substrate has been 
subtracted and the data is normalised to the peak intensity.
 
 
Both curves can be approximated using a Gaussian but with different σ; 4.0±0.1° for the ψ curve and 
2.7±0.1° for the rocking curve which corresponds to a significant difference of 25%. It is not clear which of 
171° 
6° 
β-PTCDA(10-2) 
(a) (b) 
Chapter 3                                                                                                        Structure, segregation and texture in α-Pc 
 
 
 – 86 – 
the two are better measures of distribution in planar orientation but for the sake of consistency with the Pc 
films the ψ curve will be used. It is reassuring to note that the spread in planar orientation could be even 
smaller. 
 
As discussed in section 1.3.2, to the author’s knowledge no explanation has been put forward for the 
difference in texture between Pc and PTCDA films. PTCDA has a permanent quadrupole moment with 
the positive charge situated around the centre of the molecule and the negative charge situated on the 
oxygen atoms. It is proposed that repulsion between the moments on the PTCDA molecules could favour 
an end-to-side geometry upon initial aggregation rather than the co-facial geometry seen in most other 
aromatic molecules. This could be the dipolar interaction briefly mentioned by Lovinger et al. as the 
reason for why molecules in adjacent stacks are essentially orthogonal to each other even in crystalline 
powders (Lovinger et al., 1984). This interaction could force the PTCDA molecules to lie almost parallel to 
the substrate and would explain the smaller spread in planar orientation compared to Pc films.  
 
3.3.2 PTCDA/CuPc films                                      
 
Having determined the structural properties of the underlying PTCDA layer, we now move on to the 
structural properties of the templated films. Figure 3.15 compares SEM images of the templated films 
deposited on kapton. For the 20nm PTCDA / 200nm CuPc bilayer (henceforth known as the 20/200 
bilayer) and 20nm PTCDA / 200nm 5%CuPc bilayer (henceforth known as the 20/200 5% bilayer) the 
crystallites are spherical in shape with a grain size of 60±10nm. The morphology is essentially identical to 
the crystallites found in the 200nm CuPc films deposited directly on kapton (figure 3.7). In the case of the 
100nm PTCDA / 100nm CuPc bilayer (henceforth known as the 100/100 bilayer) the average diameter is 
50nm, same as for the 100nm PTCDA film but there is a larger variation in grain size of 20nm. 
 
Figure 3.15 compares the XRD patterns of the 3 bilayers. The kapton background has been subtracted 
and the data normalised to the peak at 27.6±0.1°. The peaks at 2θ = 6.8, 7.4 and 13.7° have disappeared 
and been replaced by two peaks at 2θ = 26.6 and 27.6±0.1°. The more intense peak at 2θ = 27.6° has a 
FWHM of 0.23±0.01° which corresponds to a Scherrer radius of 70±15nm, which is once again 
independent of thickness. Interestingly, the Scherrer radius of the 100/100 bilayer is larger than for the 
single 100nm PTCDA layer (~40nm), which suggests a seamless growth of the Pc grains directly 
extending the PTCDA grains. This hypothesis is discussed further in chapter 4. 
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Figure 3.15 SEM images of the (a) 20/200 (b) 20/200 5% and (c) 100/100 templated films. 
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Figure 3.16 XRD θ/2θ traces for the three templated films first introduced in figure 3.15. The kapton background has 
been removed and the traces normalised to the peak at 27.6±0.1° for presentation purposes. 
 
Because the structure proposed by Ashida-Brown does not predict any peaks at 2θ = 26.6 and 27.6°, 
Heutz et al. attributed the peak at 26.6° to a new Pc phase with the structure shown in figure 1.9c and the 
peak at 27.6° to the underlying PTCDA layer (Heutz and Jones, 2002). However, even though PTCDA 
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does have a peak at 2θ = 27.7±0.1°, the peak at 27.6° observed in the templated films must be partly due 
to the Pc layer because increasing the Pc thickness whilst keeping the thickness of the PTCDA layer 
constant increases the intensity of the peak (Heutz and Jones, 2002). Using the structure proposed by 
Hoshino, the peaks are found to match the (01-2) and (11-2) planes at 2θ = 26.6° and 27.5° respectively, 
as is found in XRD traces of thick films (figure 3.8) and powders (figure 3.5). The molecules lie at 9° and 
7.5° to the (01-2) and (11-2) planes respectively (figure 3.17).  
 
 
 
According to the model proposed by Hoshino, the intensity of the (01-2) and (11-2) planes should be 
almost identical, as can be seen in the stick pattern of α-CuPc in figure 3.5. Since the peak due to the 
(11-2) planes is more intense than the peak due to the (01-2) planes, even taking into account the 
contribution from the PTCDA layer, a larger proportion of Pc grains are textured along the (11-2) planes. 
The proportion depends on the thickness of the Pc and PTCDA layers but due to time constraints the 
relationship was not investigated further. In addition the relative intensity of the (01-2) and (11-2) should 
be independent of CuPc proportion, which does not seem to be the case but further experiments are 
needed before any conclusions can be drawn. 
 
Once again the texture was investigated more thoroughly by obtaining ψ curves. The normalised ψ 
curves at 2θ = 26.6° and 27.6° with the kapton background subtracted are shown in figure 3.18 for all 
three templated films. For all except the ψ curve at 2θ = 27.6° of the 100/100 bilayer, three Gaussians of 
varying intensities are needed to fit the data, with a central peak at ψ = 0° and two equally spaced and 
intense satellites on either side. The curves were fitted simultaneously with the constraint that the 
separation between the central peak and the satellites υ° was the same for all curves. The parameters 
are listed in table 3.3; υ = 12.2° and σ averages to 5±1°. 
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Figure 3.17 Schematic diagram of Pc 
molecular orientation with respect to 
the (11-2) and (01-2) crystallographic 
planes of α-Pc Molecular plane 
14.5° 
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Figure 3.18 Normalised ψ curves (dots) at (a) 2θ = 27.6° and (b) 2θ = 26.6° for the three templated films first 
introduced in figure 3.15 and fitted using three Gaussians (full lines). For the data obtained from the 20/200 5% 
bilayer the contribution from each Gaussian is shown separately as well. The parameters of all the Gaussians are 
listed in table 3.3. 
 
Table 3.3 Gaussian parameters for ψ curve deconvolution of the templated films. 
 
2θ = 27.6° 2θ = 26.6° 
 
100/100 20/200 20/200 5% 100/100 20/200 20/200 5% 
σcentral (°) 3.9 4.3 4.6 3.8 4.0 4.9 
σsatellite (°)  6.1 4.0 5.1 6.0 5.3 
Ratio of intensity of 
satellite to central peaks 0.00 0.04 0.05 0.8 0.9 0.3 
 
The data can be interpreted as following; when 2θ is set to 26.6° for example, the peak centred at ψ = 0° 
is due to the proportion of the grains lying with the (01-2) plane preferentially parallel to the substrate. 
Tilting the films by ψ±12.2° allows the diffractometer to detect the grains lying with the (11-2) plane 
preferentially parallel to the substrate. The reverse situation occurs with the ψ curve at 2θ = 27.6° but the 
satellites are less intense because of the smaller proportion of crystals textured along the (01-2) plane. 
The angular separations of the Gaussians υ ∼ 12° closely matches the angular separation between the 
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(01-2) and (11-2) planes which is ~14.5° as shown in figure 3.17. This serves as an independent 
verification that the crystals are α phase even in the templated configuration. 
 
The ratio of the intensity of the satellites to the central peak varies depending on the relative intensity of 
the peaks in the corresponding θ/2θ patterns. For example the peak at 26.6° is practically absent in the 
θ/2θ trace of the 100/100 bilayer, which is why the ψ curve at 27.6° has no satellites. There is insufficient 
data to determine the exact relationship between the relative intensities of the peaks due to the (01-2) 
and (11-2) planes in the θ/2θ patterns and ψ curves. 
 
Hence the Pc molecules have a molecular tilt of 7.5 and 9±5°. This maximise van der Waals interaction 
with the underlying PTCDA molecules which have a 6° molecular tilt. The PTCDA herringbone structure 
does not disrupt the planar configuration of the Pc molecules because van der Waals attraction is not an 
atom to atom attraction but a diffuse attraction spread over the entirety of the molecular layer. A larger 
proportion of Pc grains are oriented along the (11-2) than the (01-2) plane probably because the 
molecular tilt is smaller. The spread in molecular tilt is similar to that found in PTCDA films, which 
highlights the strong “pinning” effect of the PTCDA layer on the Pc molecules. The thickness of the Pc 
and PTCDA layers have an effect on the proportion of grains oriented along the (11-2) plane but no effect 
on the spread in molecular tilt.  
 
The results are slightly different to results obtained by Sakurai et al. (Sakurai et al., 2006). IR absorption 
spectra of 30nm PTCDA/ <300 nm Pc bilayers were obtained and the intensity of the in-plane and out-of-
plane bending modes were recorded as a function of the Pc thickness. Comparison with a randomly 
oriented sample indicated the molecular tilt increased slightly from ~18 to ~24° when the Pc film thickness 
increased from 10 to 300 nm. A value of 25° was also obtained by ellipsometric measurements (Gordan 
et al., 2006) from 10nm PTCDA/ 20 nm H2Pc bilayers. No attempt was made to measure the spread in 
molecular orientation. Whilst IR and optical spectroscopy can be used to monitor the change in molecular 
orientation, the lack of understanding of the physical processes involved implies that deriving absolute 
values for the molecular tilt is doubtful and we are confident with our results. 
 
A bi-axial texture has also been observed in vacuum-deposited thin films of hexaphenyl (C36H26) on glass 
using θ/2θ scan analysis as function of ψ tilt angle (Resel and Leising, 1998). The molecules were found 
lie with the (11-1) or the (11-2) planes preferentially parallel to the substrate with a spread of ~5° as 
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shown in figure 3.19a. The orientation of the molecules relative to the substrate, which is practically 
identical for both textures, is shown in figure 3.19b. 
 
Figure 3.19 (a) θ/2θ scans at different 
ψ tilt angles of a hexaphenyl thin 
deposited on glass and (b) 
theorientation of the molecules relative 
to the substrate when the (11-1) and 
(11-2) planes are parallel to the 
substrate (Resel and Leising, 1998). 
 
 
 
 
 
Conclusions 
 
Two conflicting models have been proposed for the crystal structure of α-Pcs which is the most 
industrially important polymorph of planar Pcs. It is also the phase adopted by OMBD films of Pcs, which 
may have technological applications such as in solar cells. We first determined which structural model 
was more accurate by obtaining XRD θ/2θ patterns of α-CuPc and H2Pc crystalline powders produced 
using the acid paste technique. Comparison with the simulated scattering angle of the reflections showed 
that the triclinic model proposed by Hoshino (Hoshino et al., 2003) (space group P-1, a=12.9 Å, b=3.77 Å, 
c=12.1Å, α=96°, β=91°, γ=90°, Z = 1) was more accurate at describing the unit cell of both α-CuPc and α-
H2Pc. Since α-CoPc (Ballirano et al., 1998) and α-FePc (Evangelisti et al., 2002) also have similar unit 
cells it is most likely that all planar α-Pcs are isomorphous.  
 
Diluting MPcs which have a free spin on the metal ion in a diamagnetic matrix such as H2Pc is known to 
lead to interesting magnetic properties (Finazzo et al., 2006) because of the increased separation 
between the spins. Two types of α-CuPc and H2Pc mixtures were prepared using the acid-paste 
technique, where the CuPc and H2Pc is mixed prior to or after reprecipitation from the acid mixture. In 
both cases comparison of the XRD 2/2θ patterns with the simulated XRD scattering intensity showed that 
the crystalline powders adopt the triclinic structure proposed by Hoshino. However XRD could not 
determine whether the mixture was homogeneous (each crystallite containing a proportion of CuPc and 
H2Pc) or segregated (each crystallite containing only CuPc or H2Pc).  
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We then moved on to Pcs films grown using OMBD and deposited on weakly-interacting substrates. 
These form highly textured polycrystalline films but conflicting reports have been published on the 
preferred molecular orientation relative to the substrate which has an effect of the photovoltaic and 
magnetic properties of the films. The evidence that Pc OMBD films adopt the α phase was summarised 
and pole figure analysis proved that the polycrystalline films have a random in-plane rotation. Using the 
model proposed by Hoshino, it was determined that the molecules lie almost perpendicular to the 
substrate with a preferred orientation of 82±11° to the substrate. The same distribution was obtained, 
whatever the thickness of the film, proportion of CuPc or type of substrate. 
 
PTCDA is another large planar aromatic molecule which forms highly textured polycrystalline OMBD 
films. However, contrary to the majority of the planar aromatic molecules the films have a standing 
stacking axis (Lovinger et al., 1984). Using pole figure analysis and a more accurate crystal structure 
(Tojo and Mizuguchi, 2002b), it was determined that the molecules lie almost parallel to the substrate with 
a preferred orientation of 6±4° to the substrate. Depositing Pc films on a layer of PTCDA completely 
changes the XRD θ/2θ trace. Two peaks at 26.6° and 27.6±0.1° were observed whose relative intensity 
depends on the thickness of the Pc and PTCDA layers. Previous indexation was mislead by using the 
incorrect α-CuPc structure and in fact the peaks correspond to the (01-2) and (11-2) planes of α-CuPc. 
Pole figure analysis shows the grains lie with the (01-2) or (11-2) plane parallel to the substrate, which 
corresponds to a preferred molecular orientation centred at 9° and 7.5° to the substrate respectively, with 
Gaussian distributions of σ ~5°. The PTCDA layer has a templating effect and pins the Pc molecules to lie 
almost parallel to the substrate because of van der Waals attraction. This is highly desirable for 
photovoltaic and certain spintronic applications where a standing stacking axis is preferable.  
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4. HIGH RESOLUTION TRANSMISSION ELECTRON MICROSCOPY 
OF ORGANIC CROSS-SECTIONS 
 
High resolution transmission electron microscope (HRTEM) images of cross-sections of organic 
crystals, thin films and complex heterostructures were acquired. The sections of thickness ~50nm 
were obtained using ultramicrotomy and characterized by bright field TEM, selected area 
transmission electron diffraction (TED) and scanning electron microscopy (SEM). SEM and HRTEM 
images of the films and heterostructures show that the morphology, crystallinity and texture is largely 
retained. By optimising the TEM operating conditions HRTEM images of the single crystal sections 
were obtained which show an information limit of ~5Å. It was not possible to conclusively observe the 
interface in the heterostructure due to lack of contrast but different regions can be distinguished from 
the difference in planar spacing. Whilst those initial results highlighted the suitability and ease of 
ultramicrotomy for the preparation of organic cross-sections, further improvements to the techniques 
are proposed. 
 
 
Crystalline organic multi-layers and blends already form the basis of many optoelectronic devices 
(Machlin, 2006) and have shown promising results in solar cells (Brabec et al., 2001). The structure and 
texture of individual layers or domains, their epitaxial relationship, the roughness of the interface and the 
connectivity of layers in complex blends can all have a major influence on the ultimate performance of a 
device based on such systems (Machlin, 2006; Erb et al., 2005). High resolution transmission electron 
microscopy (HRTEM) of cross-sections could provide invaluable information about these features. 
Whereas cross-sectional HRTEM of crystalline inorganic samples is well-established, very few HRTEM 
images of organic cross-sections have been published as reviewed in section 1.4. There are three main 
challenges: the delicate preparation of specimens, the sensitivity to beam damage (BD), the weak 
contrast and the relatively poor crystallinity. 
 
Even though organic molecular arrays should be easier to image than inorganic atomic arrays because of 
the larger size of the repeating unit, radiation (or beam) damage and lack of contrast makes this an 
arduous task. The reason is because organic molecular crystals are made up of atoms covalently bonded 
together to form molecules, which combine in an ordered structure via van der Waals interactions mostly. 
Van der Waals bonds have energy varying between 0.04 and 0.3 eV, which is much lower than in metallic 
bonds (1-3 eV) and covalent and ionic bonds (2-7 eV) so are much easier to break leading to a loss in 
crystallinity for ordered samples. In addition, for most non-organic substances excitations are dissipated 
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as heat but in organic samples and some ionic crystals an excited molecule may dissociate to form ions 
and free radicals, a process called radiolysis (Fryer, 1993). The probability of this process is roughly 
inversely proportional to the TEM gun voltage (Martin et al., 2005). The products are highly unstable and 
often take part in further reactions leading to additional sample degradation. The other major source of 
BD is atom displacement where high energy, large scattering angle collisions can displace atoms out of 
their equilibrium position but this has been shown to be insignificant compared to radiolysis in organic 
samples (Cosslett, 1978). Hence the damage cross-section increases with the TEM gun voltage. 
However since the elastic cross-sections, which are responsible for contrast in HRTEM images, are also 
inversely proportional to the TEM voltage this leads to a drastic decrease in contrast, which is already low 
in organic materials because of the low atomic mass. Hence many researchers have resorted to using a 
low voltage (~100kV) but with an incident electron dose reduced below a certain value determined from 
experiment (Hayashida et al., 2006; Egerton, 2010). With beam damage and contrast optimised, HRTEM 
images of crystalline organic samples at the molecular scale are possible (Uyeda et al., 1972b).  
 
The bigger challenge now is sample preparation; TEM samples must be thin (<100nm) and uniformly so, 
representative of the bulk specimen, clean and free of contamination, easily handled, stable under the 
electron beam, self supporting, conducting, and non-magnetic (Goodhew, 1985). This is especially 
problematic when attempting to obtain cross-sections and various techniques have been devised. The 
techniques were originally designed with inorganic samples in mind but attempts on organic samples are 
summarised in section 1.4. So far, the best HRTEM images (in terms of clarity and extent of lattice 
fringes) have been acquired from cross-sections obtained with nitrogen-cooled conventional ion-beam 
milling (Dürr et al., 2003). However the technique is very costly and time-consuming and is prone to 
irradiation damage and differential thinning rates. Sections of amorphous polymers have been produced 
by focused ion beam (FIB) milling which show that the morphology is retained (Thangadurai et al., 2008) 
but crystalline samples have been to shown to suffer from amorphisation and ion implantation (Schaffer et 
al., 2004). 
 
Ultramicrotomy, an established biological preparation technique, has been used to obtain cross-sections 
for example in polymers (Sawyer and Grubb, 2008), zinc phthalocyanine films (Katz et al., 1978), carbon 
fibres (Mencik et al., 1975) and the interface between CuPc/TiOx (Takada, 1995). The problem is that 
even though good ultramicrotomy is possible, it is neither trivial nor inexpensive. Mechanical damage can 
be catastrophic (Jantou et al., 2009) and an initial investment in training, purchase and upkeep of a 
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diamond knife, and adjusting the technique for each sample is required as discussed in section 4.1. 
However ultramicrotomy has advantages which makes it attractive such as relative ease of preparation 
once the technique is optimised, compatibility with different geometries, lack of chemical changes and 
relatively large sample sizes. It is especially suited for the emerging plastic electronic industry that is 
based on soft polymer substrates. Hence it made sense to investigate the capability of ultramicrotomy to 
produce organic cross-sections suitable for HRTEM.  
 
Copper phthalocyanine (CuPc) and 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) crystals and 
films deposited on kapton, a soft polyimide plastic, were used as specimen samples. CuPc is not strictly 
organic but is subject to the same damage processes as other aromatic molecules and has a comparable 
radiation sensitivity (Fryer, 1993). Aromatic molecules are less beam sensitive than aliphatic molecules 
because there is more efficient energy transfer to the rest of the molecule due to the extended π-electron 
system decreasing the likelihood of bond breakage in the event of excitation. In fact CuPc was the first 
carbon-based material to show lattice fringes (Menter, 1956) and more recently Ogawa determined the 
structure of PTCDA using electron crystallography (Ogawa et al., 1999). In addition the useful optical, 
electronic and magnetic properties of Pcs and their many applications, especially within the field of plastic 
electronics, have already been discussed in section 1.1. Finally they have interesting morphological and 
structural properties as discussed below which make them the ideal test samples.  
 
Single crystals of CuPc are first used to assess the 
mechanical and beam damage in section 4.3. Needle 
shaped crystals up to ~1cm in length and ~0.5mm2 in area 
can be grown using gradient sublimation. An optical image 
of a bundle of such crystals is shown in figure 4.1. A cross-
section of a CuPc needle provides a large featureless area 
which allows for the identification of artefacts created during 
the sectioning process. The crystals adopt the β-Pc phase 
(Brown, 1968a) and the crystallographic b axis is parallel to 
the crystal long axis which simplifies crystallographic interpretation. The mechanical and beam damage is 
assessed using scanning electron microscopy (SEM) and TEM, and the optimum attainable resolution 
from transmission electron diffraction (TED) and HRTEM is determined. 
 
 5 mm 
Figure 4.1 Optical image of a bundle of 
β-CuPc needle crystals grown using 
gradient sublimation 
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The technique is then applied to the more complex but technologically relevant vacuum-deposited thin 
films of CuPc, PTCDA and PTCDA/CuPc heterostructures. As determined in chapter 3 these films are 
made of highly textured polycrystalline grains of diameter ~50nm.  Ultramicrotomy of such aggregates 
can lead to further mechanical damage than in the case of single crystals; for example lateral shift, 
rotation and extraction of the grains. The morphological and structural properties of the films were 
determined in chapter 3 using powder X-ray diffraction (XRD) and SEM which provides a basis to 
investigate any mechanical damage induced by the sample preparation. In addition we attempt to 
visualise the interface between the PTCDA and CuPc layers. Section 4.4 concentrates on the morphology 
and interface properties using SEM and TEM analysis whilst HRTEM images which demonstrate the 
crystallinity and texture of the sections are summarised in section 4.5. 
 
 
4.1 Ultramicrotomy 
 
Ultramicrotomy is a complicated, many-stage process and many details are not included here as they are 
best covered in specialized books (Hayat, 2000). A review that is particularly useful for the material 
scientist is (Malis and Steele, 1990). A brief description of the technical parameters (section 4.1.1), 
damage mechanisms (section 4.1.2) and experimental procedure (section 4.1.3) follows. 
 
4.1.1 Technical parameters 
 
In ultramicrotomy a sample, which is usually embedded in a resin to provide mechanical support, is 
trimmed to present a facet smaller than ~0.01 mm2 in area. A glass or diamond knife is then used to cut 
<100 nm sections which are floated on a water bath. There are several embedding and sectioning factors 
to be considered when obtaining cross-sections (Hayat, 2000). For example the embedding medium, ratio 
of solvents in the embedding medium, curing time and temperature all have an effect of the mechanical 
properties of the sample block and the binding between the sample and the embedding media. This will 
affect the nature of the interaction between the knife and the block, and between the knife and the 
embedded sample, and hence the quality of the section.  
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In terms of the sectioning parameters the sectioning velocity is important because the contact between 
the knife and the specimen causes the knife to vibrate and the specimen to compress whilst a difference 
of as little as 0.5° in the clearance angle (figure 4.2a) may affect the quality of sectioning. Knife angles 
come between 35° and 55°; a 35° angle minimises compression and mechanical damage but makes the 
knife more fragile. The quality of the knife edge is crucial and can be affected by the build-up of debris or 
damaged by inappropriate handling and should be serviced regularly. The sample orientation with respect 
to the knife is important in the case of multilayers because the knife can cut perpendicular, parallel or at 
some angle to the interfaces as shown in figure 4.2b. It is expected that a cut perpendicular to the 
substrate will induce the least compression on the multilayers, but might induce a rotation about an axis 
perpendicular to the substrate. The area of the cutting face should be as small as possible to minimise 
mechanical damage. 
 
 
 
The thickness of the sections is also very important. It is incorrect to assume the thinnest section is the 
optimum section; thinner samples show less contrast and are more likely to suffer from mechanical 
damage since a larger fraction of its volume has been permanently distorted. However thicker sections 
will decrease the attainable resolution in HRTEM images. The sections can be also coated with a thin 
carbon film which has been shown to minimise beam damage (Fryer, 1984) but this increases the signal-
to-noise ratio in HRTEM. Other factors to be considered are the presence of draughts and vibrations and 
the humidity level. Ideally a cutting series of different thicknesses, sectioning velocities, clearance angle 
and sample-knife edge angles should be obtained under identical conditions to determine the optimum 
sectioning parameters. This should be repeated with sample blocks of different epoxy-hardener ratio and 
different embedding mediums to determine the optimum embedding parameters. This was not possible 
within the time frame of this work but means there is scope to produce sections of even better quality.   
Knife edge Knife edge Knife edge 
Figure 4.2 Schematic diagrams (a) angles in knife and (b) some possible orientation of a multilayer embedded in a 
block relative to the knife edge. The cutting direction is shown as a black arrow. 
(b) 
Specimen block Specimen block Specimen block 
Knife angle  
Clearance 
angle  
(a) 
Chapter 4                                                                                                                     HRTEM of organic cross-sections 
 
 
 – 98 – 
4.1.2 Mechanical damage 
 
There are various sources of mechanical damage in ultramicrotomy. The edge of a diamond knife, which 
is on the few nm scale (Lickfeld, 1985), applies a pressure front upon impact of the sample and at the 
onset of the sectioning process. This leads to compression and often a shortening of the section relative 
to the cutting face of up to 20% and results in structural distortion (Hayat, 2000). The process as the knife 
finally sections into and through the sample is not clear, which is surprising considering that 
ultramicrotomy is such an established biological technique (Hayat, 2000; Malis and Steele, 1990). Two 
mechanisms have been proposed; in figure 4.3a sectioning proceeds by cleavage essentially where the 
knife serves only to split the section from the block and leads to cracks (Acetarin et al., 1987). In figure 
4.3b sectioning proceeds by shear with the knife edge in constant contact with the slice and leads to 
deformation with artefacts such as wrinkles and folding (Sitte, 1983). The actual mechanism is probably a 
combination of the two, with the predominant mechanism depending on the mechanical properties of the 
block and the knife angle (Hayat, 2000).  
 
There are additional bending stresses as the section moves from a vertical position to a horizontal one on 
the water trough which may also cause structural deformation.  Finally section collection from the trough 
requires considerable skill and care. The force induced by picking up the section using a TEM grid and 
removing the excess water by placing on a filter paper can cause detrimental effects such as tears and 
deformations.  
 
 
Figure 4.3 The two most quoted sectioning mechanisms and damage they lead to (Malis and Steele, 1990) 
 
(a) Cleavage (b) Shear 
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4.1.3 Experimental procedure 
 
CuPc single crystals were produced using organic vapour phase deposition as described in section 2.1.3. 
A CuPc crystal was then embedded in epoxy resin to form a 18 x 5 x 3 mm3 block as shown in figure 4.4 
with the needle resting on a ledge to ensure it was entirely surrounded by epoxy. In the case of the films, 
the CuPc and PTCDA were first deposited using organic molecular beam deposition (OMBD) on kapton, 
a flexible plastic, as described in section 2.1.2, and cut into thin strips (~10 mm x 1 mm). The strips were 
then embedded in epoxy the same way as for the crystals. The epoxy used was Epofix resin by Struers 
which contains bisphenol-A-(epichlorhydrin) epoxy resin (number average molecular weight < 700) and 
uses triethylenetetramine as a hardener. A 15:2 epoxy resin to hardener ratio was used as recommended 
by the manufacturer. Very small volumes were required to embed 30 samples; 1 ml for the hardener and 
7.5 ml for the epoxy. The epoxy and hardener were very viscous so it was difficult to measure the volume 
accurately which could have affected the exact ratio of epoxy to hardener. A selection of the single 
crystals and kapton strips were embedded separately and the specimen block with the best properties 
were selected, one for each type of sample. Hence all sections of the same sample were obtained from 
the same specimen block.  
 
The block was clamped tightly in the sample holder of a Leica ultramicrotome and trimmed using a razor 
blade to have a cutting face <0.3 mm2 in area. The cutting face of the blocks which contained the film 
strips had an area of ~0.5 mm x 1.4 mm to accommodate the width of the strips, which was undesirably 
large but unavoidable. The normal to the cutting face was cut perpendicular to the sample long axis (or as 
close as possible) and hence at some angle to the block as shown in figure 4.4. The sections were cut 
with a 35° Diatome diamond knife at ~1 mm/s and a clearance angle of 6° (defined in figure 4.2a) as 
recommended by the manufacturer for polymeric samples. In the case of the films the sections were cut 
with the kapton-film interface perpendicular to the knife edge as shown in figure 4.2a.  
 
The sections were floated into a trough filled with distilled water and picked up using 300 mesh copper 
TEM grids (3.05 mm diameter) coated with a ~10nm thick carbon film. Lacy carbon grids where also used 
where the carbon film has holes 0.1-1µm diameter. The thickness of the section was estimated from the 
colour of interference fringes between the epoxy and the water (Hayat, 2000). Only sections where the 
epoxy showed gray interference fringes with the water were selected, which is equivalent to a thickness 
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of 50 ± 20 nm. Because the interference colours form a continuous spectrum instead of clearly separate 
colours, this provides only an estimate of the actual thickness.  
 
 
 
 
4.2 Characterisation techniques 
 
Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) were used to 
characterise the sections. These can be operated in various modes as discussed in chapter 2. The three 
TEM modes used in this thesis were selected area transmission electron diffraction (henceforth TED), 
bright field (BF)TEM and HRTEM. A useful reference is (Williams and Carter, 1996). Elastically scattered 
electrons from a crystalline specimen form a diffraction pattern (DP) in the back focal plane of the 
objective lens situated immediately below the specimen (figure 2.12). In TED an aperture is inserted 
below the sample to select a specific area which contributes to the DP. The smallest aperture was usually 
chosen which selects an area of diameter ~0.6 µm. The object of the intermediate lens, which is what is 
ultimately projected on the screen, is the back focal plane of the objective lens. The camera length, which 
determines the magnification of the projected DP, was usually set to 300 cm which is unusually large but 
necessary for molecular crystals which have large interplanar spacings and hence small reciprocal 
interplanar spacings. In BFTEM an aperture is inserted in the back focal plane of the objective lens to 
confine the maximum electron scatter and the object of the intermediate lens is the image plane. Contrast 
depends on the mass/thickness of the sample; a region will appear darker if it is thicker or denser 
because of the increase in scatter. 
 
5  
mm 
Figure 4.4 Parameters of trimmed specimen block. The normal to the cutting face is cut parallel (or as 
close as possible) to the needle and kapton strip long axis. 
 
 
< 0.5 
 mm 
Epoxy Resin Sample 
3 mm 
18 mm 
< 0.5 mm 
< 0.5 mm 
(a) (b) 
Normal to 
cutting face 
Needle/ 
kapton 
long axis 
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HRTEM, also known as lattice imaging, relies on phase contrast in crystalline samples. Phase contrast 
arises if the samples are thin enough so that the phases of scattered electrons change very slightly and 
coherently and they can interfere with the unscattered beam producing a series of light and dark fringes 
with a periodicity equal to the interplanar distance of the planes. Further interactions can sometimes 
occur between the scattered and unscattered electrons in which case HRTEM images have to be 
interpreted using computer simulations but this was not the case in this work. The forward Fourier 
transform (FFT) represents an image in frequency space. The FFT reveals the periodic nature of the 
image; periodic objects will appear as bright spots, and the inverse of the distance between the centre of 
the image to the bright spot gives the periodicity, whilst the angle between two spots and the centre of the 
image gives the angle between the objects, as in DPs. FFTs are very useful because they often show 
periodicity that was not apparent in the original image due to noise. There are various ways to define the 
resolution of an image and in this work the information limit, which is the furthest extent of the DP or the 
FFT of a HRTEM image, will be used. 
 
HRTEM is indirectly more sensitive to beam damage than TED because a larger incident current density 
is required. The increased beam damage limits the attainable resolution compared to TED. However 
HRTEM can provide information from regions as small as the lengthscale of the interplanar distance so is 
ideal for studying interfaces and other nanofeatures, unlike TED which averages the information over an 
area ~600 nm in diameter. DPs were obtained with a JEOL 2000 and lattice images with a LaB6 
Jeol2010 which are specifically designed for TED and HRTEM respectively, using an accelerating voltage 
of 80-120 kV. As discussed in section 2.4 the random (or relative) error was estimated to be 0.02nm in 
both TED and HRTEM and the systematic error associated with the microscope calibration was estimated 
to be insignificant in the case of TED and up to 0.1 nm for HRTEM.  
 
The resistance to beam damage is usually determined in terms of the total dose of electrons (usually 
quoted in C/cm2
 
or e/Å2) that causes a significant change to some measurable aspect of the sample 
structure. Uyeda (Uyeda et al., 1972b) and Reimer (Reimer, 1975) obtained a value of 1.6 C/cm2 at 
100kV and 1.5 C/cm2 at 60kV respectively for the complete disappearance of the diffraction pattern of a 
10nm thick CuPc film. A more accurate measure is the dose at which the intensity of a low-index 
diffraction spot decreases to 1/e of the initial value and Hayashida (Hayashida et al., 2006) obtained a 
value of 0.4 C/cm2 at 100 kV for a 10nm CuPc film. In this work a voltage of 80-120 kV was used to 
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maximise contrast. In section 4.3.2 the critical dose is determined by measuring the intensity-dose 
relationship of a low-index reflection in a DP of a cross-section of the single CuPc crystals. 
 
Scanning electron microscopy 
 
SEM images were obtained using secondary electrons (SE) unless stated otherwise. As discussed in 
section 2.6 these electrons are emitted from the surface of the sample and are influenced by the surface 
morphology. Organic samples are not very conductive and prone to charging so a ~10nm chromium layer 
was deposited on the samples by sputtering. An accelerating voltage of 5 kV was used to minimise 
charging and maximise resolution. A few SEM images were obtained using back scattered electrons 
(BSE) which are more sensitive to atomic mass. These higher energy electrons are emitted from deeper 
inside the sample through electromagnetic interactions with the nuclei. A ~10nm carbon coating layer and 
15kV accelerating voltage was used to maximise contrast.  
 
4.3 Single crystals 
 
This section summarises results pertaining to the cross-sections of single crystals of CuPc. The large 
scale features of the cross-sections and the mechanical damage is first assessed using SEM and TED in 
section 4.3.1. Beam damage is investigated in section 4.3.2 and a critical electron beam dose is 
determined. Finally in section 4.3.3 a DP and HRTEM image along the same low index zone axis are 
shown and the information limit is determined. 
 
4.3.1 Mechanical Damage 
 
Figure 4.5a shows a polarised reflection optical image of the original specimen block face with the CuPc 
crystals coloured pink and the epoxy in blue due to polarisation effects. Only one CuPc crystal was 
embedded but during the embedding process the crystal separated into three different crystals. This 
splitting into more than one crystal often happened, either as a result of clustering of crystals during 
growth which subsequently separated, or fracture along planes parallel to the long axis of the needle.  
 
Chapter 4                                                                                                                     HRTEM of organic cross-sections 
 
 
 – 103 – 
Figure 4.5b is a BFTEM image of a section cut from this block face and deposited on a carbon-coated 
TEM grid. The CuPc crystals and epoxy exhibit similar contrast because this is due to mass-thickness 
and both have essentially the same density and thickness. The copper grid shows up in black and the 
supporting carbon film can be seen in the areas where the CuPc crystals have delaminated from the 
epoxy. The cross-section is electron transparent throughout and the CuPc crystals are relatively easy to 
locate within the cross-section using a gun voltage of 120 kV because of contrast from where the CuPc 
crystals have delaminated. This is not trivial as some researchers have recently resorted to depositing an 
extra metal layer when studying organic ultramicrotomed sections in order to locate the organic layer 
within the epoxy (Delaportas et al., 2008). The size, shape and the relative orientation of the three 
crystals is preserved which signifies large scale compression was minimal. However the crystals have 
delaminated from the epoxy, and are torn or even shredded in certain regions. It is not known if this 
occurred during the sectioning or transfer to the microgrid.  
 
 
 
At larger magnifications the CuPc sections show linear ridges as shown in the BFTEM and SEM images 
in figure 4.6. The ridges lie perpendicular to the knife edge and have a width of 10-100nm and are spaced 
intermittently on the scale of ~500nm. The thicker ridges seem to have broken up into individual grains as 
10 µm 
Copper grid 
0.1 mm 
(b) (a) 
Epoxy 
CuPc 
Figure 4.5 (a) Polarised reflection optical image of the specimen block face with three embedded CuPc single 
crystals and (b) BFTEM image of a section cut from this block face and placed on a carbon-coated TEM grid. 
Direction of  
knife cut 
Epoxy 
Carbon  
film 
CuPc 
CuPc 
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circled in red. Since the linear features can be also seen in transmission mode it is probable that they are 
present throughout the thickness of the section and not just at the surface. The linear ridges look like 
knife marks caused by microscopic “knicks” in the diamond knife which should run perpendicular to the 
knife. However the linear ridges are not observed in the epoxy part of the section which suggests that 
they are due to shatter in the more brittle crystalline CuPc. The shatter and the lack of large-scale 
deformation supports a cleavage type sectioning mechanism as shown in figure 4.3a. According to 
Acetarin et al., hard resins such as used in this work have a Young modulus of ~3 GPa which favours a 
cleavage process (Acetarin et al., 1987). To the author’s knowledge no values for the Young Modulus 
were available for single crystals of CuPc but it is probable that a similar sectioning process occurs in the 
embedded CuPc crystals. 
 
 
 
It was possible to get DPs from all areas of the CuPc sections which meant that the crystallinity was 
retained throughout. The DPs could be indexed using the known β-CuPc structure which also meant that 
the crystal structure was not altered by the sectioning process. Figure 4.7 summarises six DPs that were 
obtained from different parts of the same crystal in the same section at 80kV. The colour of the DPs are 
inverted for presentation purposes. All DPs were similar, showing spots that correspond to the (20-3) 
reflection and oriented along the same direction. This is expected since the DPs were obtained from a 
single crystal orientated along the same direction. The DP in figure 4.7aii matches the DP of β-CuPc 
Figure 4.6 (a) BFTEM and (b) SEM image of CuPc and epoxy section. The CuPc section shows linear ridges which 
has split up into small grains in the region circled in red. 
2 µm 
(b) (a) 
CuPc 
CuPc 
Epoxy 
Carbon 
film 
Carbon 
film 
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along the [3 14 -5] zone axis as simulated using SingleCrystalTM (shown in red with a slight offset). On the 
occasion where the diffraction aperture contained a linear ridge, the DP did not show any sign of splitting 
so the linear ridges observed in figure 4.6 do not cause a change in the local crystal structure orientation. 
 
Figure 4.7 Six DPs and BFTEM images of the location of the diffraction aperture where the DP was obtained. The 
colours of the DPs have been inverted for presentation purposes and the location of the diffraction aperture is shown 
in red. The simulated DP (red) of β-CuPc along the [3 14 -5] zone axis is superimposed in figure 4.7aii (displaced for 
clarity). 
(ai)   (aii)                                         
(bi)  (bii) 
(ci)  (cii) 
 
 
 
(20-3) 
(-203) 
(20-3) 
(-203) 
2 µm 2 1/nm 
2 µm 2 1/nm 
2 µm 2 1/nm 
[3 -14 2] DP 
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Figure 4.7 Continued 
(di)  (dii) 
(ei)  (eii) DP  
(fi)  (fii) 
 
4.3.2 Beam damage 
 
For all six areas, a DP was recorded at the same location as indicated by the red circles in figure 4.7 
every minute to obtain a DP series. The total intensity of the (20-3) and (-203) diffraction spots was 
integrated over a square of area ~0.25 nm-2. At that distance from the transmitted beam the background 
was non-zero but essentially flat, so the background was removed by integrating the intensity of a square 
2 µm 2 1/nm 
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(-203) 
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Chapter 4                                                                                                                     HRTEM of organic cross-sections 
 
 
 – 107 – 
of the same size in the neighbouring region. The (20-3) and (-203) normalised spot intensities are shown 
in figure 4.8 as a function of electron dose. Only four series of points representative of the different types 
of behaviours observed are shown for clarity. The incident electron current density was 1.7 x 10-3 A/cm2, 
which implies that a dose of 0.1 C/cm2 corresponds to a measurement time of 60 s.  The error in the 
electron dose was estimated to be 0.01 C/cm2 from the ~5s error in timing the duration between DPs and 
the error in the normalised intensity was estimated to be 10% from the error in measuring the intensity of 
the spot and the background. 
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Figure 4.8 (20-3) and (-203) normalised spot intensities. The letters refer to the positions of the diffraction aperture as 
summarised in figure 4.7 and (‘) refers to the (20-3) spot and (‘’) to the (-203) spot as defined in the DPs. In one of the 
DP from the a’’ series the reflection saturated the detector and is off scale. 
 
 
Three observations can be made from the DP series; firstly in about half of the decay curves, such as for 
the series obtained in figure 4.7 a and b, the spot increased in intensity before either decaying after a 
dose of ~0.5 C/cm2. In fact the intensity increases ten-fold for the a” series and saturates the detector 
after a dose of ~0.4 C/cm2. In the other series the intensity decayed within a dose of ~0.2 C/cm2. 
Secondly, although this is not shown in figure 4.8, the higher index reflections usually decayed within ~0.1 
C/cm2 although in very rare instances increased in intensity before decaying. Thirdly the positions of the 
spots did not alter. These observations were also noted by Clark (Clark et al., 1980) who attributed this to 
“the formation of a carbonaceous matrix where the positions of the outer atoms in the molecules have 
been radically affected but the atoms in the central part retain approximately their original positions”. 
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Hence the long range order of the original crystal is kept and the low index reflections are still visible and 
may become brighter depending on the nature of the carbonaceous matrix.  
 
Since the intensity decreased clearly after 0.5/cm2, this value was chosen as the maximum allowed 
incident electron dose, and using a typical low-current density of 1.7x10-2 A/cm-2 this allows ~30s to 
obtain a HRTEM image. To obtain HRTEM images with contributions from the high-index reflections the 
dose would need to be less than ~0.1 C/cm2 but this proved too difficult. HRTEM images with 
contributions from the high-index reflections have been obtained by other researchers (as in figure 1.4) 
but using special low-dose techniques which we did not have access to (Martin et al., 2005). The critical 
dose for PTCDA was not determined but aromatic molecules are known to have similar damage 
sensitivities (Fryer, 1993). 
 
4.3.3 Information limit 
 
As noted in section 4.1.3, the normal to the cutting face was cut as close as possible to lie perpendicular 
to the sample long axis (figure 4.4). For the single crystal needle the long axis corresponds to the 
crystallographic b-axis and hence DPs corresponding to the low index [010] direction were expected 
which would help with the interpretation. However obtaining the cutting face at the correct angle proved 
impossible and the direction of the DPs varied by up to 30° from the [010] direction. Fortuitously DPs 
corresponding to the [010] direction were observed in a few instances. Figure 4.9a-b are SEM and 
BFTEM images respectively of a CuPc cross-section which seems to be locally folded in the area about 
the region circled in red and figure 4.9c is a DP obtained from this region. The DP of β-CuPc along the 
[010] zone axis was simulated using SingleCrystal™ and is shown in red in figure 4.9d. This is compared 
to the DP and the two are practically identical in terms of spot spacing and angle. The experimental DP 
extends to 6 nm-1 which corresponds to an information limit of 2 Å and was achieved consistently.  
 
Whilst obtaining DPs was a routine process, obtaining lattice images was more problematic. Firstly 
because of the indirect increase in beam damage, there was less time to correctly align the microscope 
before amorphisation took place. Secondly lack of contrast made it difficult to focus the objective lens. 
When the objective lens is out of focus, Fresnel fringes are produced around holes or ridges which are 
easy to spot and correct for but such objects were not present in the middle of the crystal sections. 
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Despite these difficulties lattice images were obtained, most showing a single set of fringes. Figure 4.10 
shows a lattice image which had two sets of fringes and its FFT. The prominent horizontal fringes in the 
HRTEM image have a spacing of 1.06±0.02nm according to the internal calibration of the microscope but 
it was not possible to determine the spacing of the other planes because of noise. The FFT shows two 
sets of spots along two axes separated by 35±1°. The spacings of the spots correspond to planes with an 
interplanar spacing of 1.06 nm and 0.76 nm which gives a ratio 0.72±0.03. This agrees with the 0.74 ratio 
of the planar separation of the (20-1) and the (20-2) planes of β-CuPc and the angle between their planes 
which is 35°. The difference between the experimental and expected values for the planar separation is 
within the 0.1nm systematic error due miscalibration in the microscope as discussed in section 2.4.3. 
Hence the HRTEM corresponds to the elusive [010] projection and the FFT is indexed accordingly. A 
schematic of the molecular orientation is shown in figure 4.10c along with the relevant planes and 
expected spacings. The furthest extent of the FFT translates to an information limit of ~5Å. 
 
2 nm-1 
(a) 
(c) (d) 
2 µm 
(b) 
2 nm-1 
2 µm 
Figure 4.9 (a) SEM and (b) BFTEM image of a CuPc section. The DP from the region circled in red is shown in (c). In 
(d) the colour of the DP is inverted and compared to the simulated DP (red) of β-CuPc along the [010] zone axis 
(displaced for clarity). 
CuPc CuPc 
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In conclusion, even though the sections show sign of mechanical damage, ultramicrotomy produces 
organic cross-sections with the crystal structure intact which are compatible with HRTEM. The technique 
will now be applied to the more complex but technologically relevant organic films. 
 
 
4.4 Films; Morphology and interface 
 
CuPc, PTCDA and PTCDA/CuPc thin films grown using organic molecular beam deposition (OMBD) 
were first introduced in chapter 3. This section concentrates on the morphological and interface properties 
of the films, whilst section 4.5 concentrates on their structural properties. In order to identify artefacts 
brought about by the preparation technique, section 4.4.1 first discusses plan-view and conventional 
cleaved cross-sectional SEM images of the films grown on kapton and silicon respectively. These are 
then compared to SEM and TEM images of the ultramicrotomed sections in section 4.4.2. 
 
Using the method described in section 2.1.2, 100 nm films of CuPc and PTCDA, and 100nm PTCDA/ 
100nm CuPc bilayers were deposited on 20-50 µm thick kapton at a rate of 1Å/s. The thickness was 
chosen to be a compromise between layers that would be too thin to detect in the TEM and too thick so 
d(20-1)=9.6Å 
d(001)=12.6Å 
10 nm 
(c) 
1 nm-1 
(b) (a) 
Figure 4.10 (a) Lattice image of β-CuPc section (b) FFT and (c) schematic diagram of the molecular orientation. 
The experimental values are accurate to 0.02 nm and 1°. 
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more likely to suffer from some form of mechanical damage. In addition for those thicknesses the films 
are most highly textured as determined in chapter 3. Kapton was chosen for the reasons discussed in 
chapter 3 but any soft substrate could have been used.  
 
4.4.1 Cleaved cross-sections 
 
Plan-view SEM images of the CuPc, PTCDA and PTCDA/CuPc films are shown in figure 4.11(a, c, e). 
These images have already been shown in chapter 3 but are summarised here for clarity. The CuPc film 
is made of approximately spherical grains, 40±10nm diameter, whilst the PTCDA grains seem to be more 
elongated with an average 50±10nm diameter. The bilayer seems to have a mixture of approximately 
spherical and elongated grains with an average diameter of 50±20nm.  
 
It is more difficult to ascertain the geometry and size of the grains in the direction perpendicular to the 
substrate. Cleaved cross-sectional SEM images in figure 4.11(b, d, f) were obtained from films on silicon 
substrates because kapton does not cleave. The organic film was deposited on silicon using the same 
parameters as for kapton and cleaved to expose the cross-section. SEM plan-view images of CuPc on 
silicon shows the same grain morphology and size distribution as CuPc deposited on kapton so it was 
deemed acceptable to assume both have the same cross-sectional morphology. Additionally pole figure 
analysis of CuPc films deposited on various amorphous substrates showed that this did not affect the 
texture of the films (figure 3.13). However it is possible the cleavage might have led to some mechanical 
damage to the films.  
 
The thickness of the thin films agrees with the values predicted by the thickness monitor in the OMBD 
chamber to ±10 nm. The surface of the films is not perfectly flat and the height varies by ±10 nm. This 
agrees with the ~4nm surface roughness of a 100 nm CuPc film deposited on glass as measured by 
atomic force microscopy (Yim and Jones, 2006). The films seem to follow the atomically flat surface of the 
silicon and grow through a combination of columnar and spherical grains, some of which have been 
outlined in red. The columns and spherical grains are 40-80 nm diameter and the height of the spherical 
grains is ~60nm on average. Scherrer analysis of XRD spectra of the films in chapter 3 gave an average 
crystal size of 70±15 nm perpendicular to the substrate for the CuPc and PTCDA/CuPc films, and 40±10 
nm for the PTCDA films, independent of the film thickness. In addition the diameter of the grains 
increases with the thickness of the films. All this suggests that the growth of the Pc grains cannot be 
Chapter 4                                                                                                                     HRTEM of organic cross-sections 
 
 
 – 112 – 
simply columnar. It is known that there is pronounced upward growth of crystalline Pc “mounds” during 
the initial stages of thin film growth (Yim and Jones, 2006) but to the author’s knowledge no research has 
been done on the subsequent upward growth of the grains.  
 
 
(a) 
(e) 
(c) 
100 nm 
100 nm CuPc 
 
 
20 µm kapton 
(f) 
(d) 
(b) 
Silicon 
100 nm PTCDA 
 
50 µm kapton 
100 nm CuPc 
100 nm PTCDA 
 
50 µm kapton 
100 nm 
100 nm 100 nm 
100 nm 
100 nm 
Silicon 
Silicon 
Figure 4.11 SEM images of (a-b) 100 nm CuPc, (b-c) 100 nm PTCDA and (e-f) 100nm PTCDA/ 100nm CuPc films.  
On the left are plan-view images of films deposited on kapton and on the right are cross-sectional images of films 
deposited on silicon and subsequently cleaved. Some individual spherical and columnar grains are outlined in red. 
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variation
~10nm 
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It is not possible to detect an interface between the CuPc and PTCDA in figure 4.11f, whether from a 
difference in contrast or morphology. No difference in contrast was expected because as discussed in 
section 4.2 the SEM images were obtained using SEs which are not very sensitive to differences in 
atomic mass. As for the morphology, it is possible that there is a real morphological interface between the 
PTCDA and CuPc grains as depicted in figure 4.12a but there is insufficient contrast to observe it. 
Alternatively there could be a seamless growth of the CuPc grains directly continuing the PTCDA grains 
as depicted in figure 4.12b. A seamless growth could better explain the strong templating effect of 
PTCDA on the molecular orientation of CuPc molecules that was observed in section 3.3.2. 
 
 
 
4.4.2 Ultramicrotomed cross-sections 
 
Figure 4.13a shows a polarised optical image of the cutting face of an embedded kapton/PTCDA strip. 
The kapton shows up light blue whilst the organic layer is too thin to be seen. Knife marks running parallel 
to the cutting direction are visible and run through both the epoxy and kapton so are probably due to 
knicks in the diamond knife. Figure 4.13b shows a polarised optical image of a section cut from this block 
face and deposited on a carbon-coated TEM grid. Once again the kapton has kept its original dimensions 
and there are no signs of large scale compression, but this time there are no signs of disintegration or 
tears in the kapton as opposed to the CuPc single crystal. This is could be because Kapton has a 
Young’s modulus of 3.5 GPa (Yu and Spaepen, 2004), which is similar to that of epoxy.  
 
The thicknesses of the sections were estimated from the colour of the interference fringes of the epoxy, 
but surprisingly the kapton always showed different interference fringe colours. This was unexpected 
since kapton has a similar refractive index to epoxy resin (1.5 and 1.7 respectively) [obtained from 
manufacturers] and indicates the kapton had a different thickness. In fact, the kapton was sometimes 
altogether absent from the section, as if the knife had bypassed the kapton which suggests poor adhesion 
(a) (b) 
Figure 4.12 Schematic diagram of grain morphology at the 
interface between the PTCDA and CuPc films (assuming a 
columnar growth for presentation purposes). In (a) the 
CuPc forms grains separate to the PTCDA grains whilst in 
(b) the CuPc carries on the PTCDA grains seamlessly.  
PTCDA grains PTCDA grains 
CuPc grains CuPc grains 
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between the kapton and the epoxy. In contrast the organic film was often found still attached to the epoxy 
as shown in the BFTEM image in figure 4.13c, indicating the strong adhesion between the organic films 
and the epoxy. Some sections were placed on lacy carbon grids so that HRTEM images could be 
obtained from where the carbon film is absent to maximise the signal-to-noise ratio in the subsequent 
HRTEM studies. However this sometimes led to uneven ‘wavy’ interfaces as shown in figure 4.13c 
because the epoxy often contacted unevenly when exposed to the electron beam; epoxy not in contact 
with the carbon film contracted more than epoxy in contact with the carbon film. 
 
 
Figure 4.13 Polarised optical image of (a) block face of embedded 50 µm kapton and (b) ~50 nm thick section placed 
on a 300 mesh microgrid and (c) SEM image of a section placed on lacy carbon film where the kapton is absent but 
the organic film has adhered to the epoxy. The organic film is ‘wavy’ because of the uneven contraction of the epoxy.  
 
Figure 4.14(a-d) summarises SEM images of the various interfaces in the CuPc, PTCDA and 
PTCDA/CuPc sections. Figure 4.14a shows the delaminated epoxy-kapton interface which exhibits 
~10nm grooves on the kapton side and corresponds to the roughness of kapton. The edge-on thickness 
(b) (a) 
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of the epoxy, as outlined in green in figure 4.14a, was estimated to be ~30 nm, which corroborates the 
estimated 50 nm thickness of the sections. Figure 4.14b shows the epoxy-CuPc interface which has 
delaminated from the kapton. The sectioning seems to follow the shape of grains, which once again 
suggests a cleavage mechanism. Kanari (Kanari et al., 2007) calculated the Youngs’ modulus of a 1µm 
CuPc film to be 5 GPa by indenting the surface, but it is not known how relevant it is to the local 
mechanical properties of a single grain. Protrusions can be observed which are probably due to 
neighbouring crystals being dragged during the sectioning process, and there is a sizeable gap produced 
by the uneven contraction of the epoxy. As found in the cleaved cross-sections shown in figure 4.11, it is 
possible to make out both individual spherical and columnar grains about ~70 nm in diameter.  
 
The PTCDA layer (figure 4.14c) occasionally shows ~70 nm features but the lack of contrast makes it 
difficult to resolve them everywhere. The PTCDA section was not placed on a lacy carbon film and the 
epoxy did not contract unevenly. The side of the PTCDA that should have been in contact with the kapton 
exhibits a height variation of ±10nm as expected from figure 4.14a. The CuPc and PTCDA/CuPc sections 
exhibit a larger height variation which is probably induced by the uneven contraction.  
 
The PTCDA/CuPc bilayer (figure 4.14d) may have a morphological interface as shown in red with a slight 
offset but it is difficult to be sure because of the low contrast. There are some ~70 nm granular features, 
some of which seem to grow across the interface and have been outlined in green which suggest a 
seamless growth as depicted in figure 4.12b. 
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We also attempted to locate the interface using BFTEM. Figure 4.15a shows a BFTEM image of a 
PTCDA/CuPc section where an interface is visible separating two regions exhibiting different contrast and 
of roughly equal width. However comparison with the BFTEM in figure 4.15b which was obtained directly 
below suggests the difference in contrast could be due to the kapton slipping below the organic layer. 
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Figure 4.14 SEM images of the sections showing the interface of the epoxy with (a) kapton, (b) 100 nm CuPc, (c) 
100 nm PTCDA and (d) PTCDA/ CuPc films. The possible PTCDA/CuPc interface is shown in red with a slight offset.  
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Ultramicrotomed sections of Au/CuPc films were obtained to test whether BSE, which are sensitive to 
atomic mass, could potentially detect the interface. Au has a much larger atomic mass than C, and would 
provide a convenient marker for the SEM images. An Au film with thickness ~100 nm was sputtered on 
kapton and coated with a 100nm CuPc film using OMBD and embedded and sectioned as for the other 
films. Figure 4.16 compares SEM images of an Au/CuPc section in the SE and BSE modes. Using SE all 
four layers are differentiated by the morphology, but with BSE only the gold layer is clearly visible while 
the three carbon-rich layers cannot be differentiated. It seems that even though CuPc has a metal centre 
the difference in atomic mass (~10%) is insufficient to differentiate it from true organic materials.  
 
 
200 nm 200 nm 
Interface? 
Epoxy 
Kapton 
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CuPc/ 
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Figure 4.15 BFTEM images of PTCDA/CuPc section  
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Figure 4.16 (a) Secondary electron and (b) back-scattered electron SEM images of Au/CuPc section. The samples 
were coated with ~10 nm film carbon instead of chromium to improve the atomic-mass contrast. 
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4.5 Films; Crystallinity and texture 
 
The XRD studies in chapter 3 gave three main details about the CuPc, PTCDA and PTCDA/CuPc films; 
the crystal structure, the planes that are orientated preferentially parallel to the substrate and the spread 
in preferred orientation. In fact, since the structure is known, the preferential orientation of any plane with 
respect to the substrate is also known. The CuPc crystallites adopt the α-Pc phase as determined by 
Hoshino (Hoshino et al., 2003) with the (100) planes preferentially parallel to the substrate and an angular 
distribution of full width at half maximum (FWHM) of ~26°. The PTCDA crystallites adopt the β-PTCDA 
phase (Tojo and Mizuguchi, 2002b) with the (10-2) planes preferentially parallel to the substrate and an 
angular distribution of FWHM~9°. When a 100nm CuPc film is deposited on a 100nm PTCDA layer the 
CuPc crystallites adopt the α-Pc phase again but this time the (11-2) planes are preferentially parallel to 
the substrate with an angular distribution of FWHM ~11°. The texture of the films is summarised in figure 
4.17, along with the planes that will be important to the rest of this section. The aim of this section is to 
check whether it is possible to obtain HRTEM images of organic crystalline films, whether they have the 
expected texture and what can be inferred about multilayers. HRTEM images of CuPc sections will be 
discussed first (section 4.5.1), then PTCDA and the bilayers together (section 4.5.2).  
 
 
 
4.5.1 CuPc films 
 
Figure 4.18 shows HRTEM images taken from two different regions of the same CuPc section. Fringes 
are observed throughout, demonstrating once again how ultramicrotomy preserves the crystal structure 
and produces cross-sections that are suitable with HRTEM. The FFT of both images are shown on the 
(a) α-CuPc (FWHM~26°) (b) β-PTCDA (FWHM~9°) (c) β-PTCDA/α-CuPc (FWHM~11°) 
(100) 
1.29 nm 
(100) 1.29 nm (021) 0.71 nm 
(020) 
0.94 nm 
(10-2) 
0.32 nm 
(11-2) 
0.32 nm 
(001) 1.20 nm 
Figure 4.17 Schematic diagrams of the planes that are preferentially parallel and (somewhat) perpendicular to the 
substrate in OMBD films of (a) CuPc, (b) PTCDA and (c) PTCDA/CuPc. CuPc planes are shown in blue, PTCDA 
planes are shown in red and the substrate is shown in black. The FWHM of the distribution of the orientation of the 
planes about the substrate is stated. 
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right and the colour is inverted for presentation purposes. The fringes are separated by 1.29±0.02nm 
which correspond to the (100) planes of α-CuPc. The fringes are aligned within ±15° of the interface, 
which agrees with the spread in orientation as determined using pole figure analysis. To our knowledge, 
this is the first time that HRTEM images of organic ultramicrotomed cross-sections have been 
reproducibly obtained, where fringes can be observed over such a large area and conform to the 
expected texture and morphology.  
 
The region outlined in green in figure 4.18a shows fringes that correspond to the (100) planes which lie 
perpendicular to the substrate. This is probably from a grain that lies with the (001) plane parallel to the 
substrate as a proportion of grains are known to do (figure 3.10). The region outlined in green in figure 
4.18 b shows fringes that correspond to the (100) planes but at 45° to the substrate. Since the grain is still 
attached to neighbouring grains, it is unlikely this is due to a rotation of the grain and indicates that a 
minority of the grains do not have either the (100) or (001) texture. 
 
The region outlined in red in figure 4.18b is particularly interesting. It shows fringes spaced 1.29 and 
1.20nm apart oriented almost perpendicular to each other, which corresponds to the projection of α-CuPc 
along the [010] zone axis as shown in figure 4.18c. As discussed in chapter 4, even though all the 
evidence points towards an α phase indexation, there is still some ambiguity in the crystal structure of Pc 
films. This HRTEM image is further evidence that the structure of the films is α phase. Observing this 
orientation is uncommon because the crystals have a random orientation in the plane of the substrate, as 
was shown by the pole figure which is radially symmetric (figure 3.10), so the beam is parallel to the [hk0] 
direction and it is only in certain instances that h happens to be 0. 
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Figure 4.18 (a-b) Lattice images taken from two different areas of the same CuPc section. Their FFTs are shown on 
the right hand side (the colour is inverted for presentation purposes) and the direction representing the interface is 
shown in black. (c) Schematic diagram of the molecular orientation of α-CuPc along the [010]. 
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4.5.2 PTCDA and PTCDA/CuPc films 
 
Figure 4.19 shows lattice images and FFTs taken from a PTCDA section. These show fewer fringes than 
the CuPc lattice images, but as will be explained this is not due to a reduced crystallinity. The (10-2) 
planes of β-PTCDA are expected to lie parallel to the substrate, with an angular variation of ±4° about the 
substrate. These planes are separated by 0.32 nm and are more beam sensitive as discussed in section 
4.3.2 because the short-range order is lost before the long range order, and are also more difficult to 
resolve. Instead what are observed are the (020) planes which are perpendicular to the (10-2) planes and 
spaced a more reasonable 0.94 nm apart, and the (021) planes which are 60° to the (10-2) planes and 
spaced 0.71 nm apart. The same fringe spacing and orientation is found in the lower region of the 
PTCDA/CuPc bilayer shown in figure 4.20a-b where we expect to find PTCDA. These planes can only be 
accessed when the crystal is orientated along certain directions, the [4-12] zone axis for the (021) planes, 
and the [20-1] zone axis for the (020) planes, which is why they are observed intermittently. The 
correspondence between the spacing of these planes and the angle with respect to the (10-2) planes 
further validates the β-PTCDA indexing as opposed to α-PTCDA.  
 
 
 
The epoxy and PTCDA exhibit similar contrast in figure 4.19a, as opposed to the CuPc and PTCDA/CuPc 
sections where the CuPc and PTCDA exhibit a different contrast to the epoxy. This is probably because 
the CuPc and PTCDA/CuPc sections were placed on lacy carbon films and images were taken from 
2 1/nm
1/nm 
20 nm 
(a) Epoxy 
PTCDA 
1/nm 
PTCDA 
(021) 
(c) 
PTCDA 
(020) 
Figure 4.19 (a) HRTEM image and (b-c) FFTs from a PTCDA section. The black
triangular regions are due to the limit of the camera. The colour of the FFTs are 
inverted for presentation purposes and were taken from the regions outlined in red. 
(b) 
Carbon film 
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regions without any underlying carbon film which increases the signal-to-noise ratio. Hence there is a 
trade-off between uneven contraction and sufficient contrast when using conventional carbon films as 
opposed to lacy carbon films which should be further investigated. 
 
The upper region of the bilayer section in figure 4.20a where we expect to find CuPc also shows fringes 
that lie almost perpendicular to the interface and are spaced 1.29 ± 0.02 nm apart. The templated CuPc 
layer is expected to have the (11-2) planes lying parallel to the substrate (see section 3.3.2). With a 
separation of 0.32 nm these planes are also too beam sensitive and instead what are observed are the 
(100) planes which lie at ~80° to the (11-2) planes when the beam is parallel to the [0-21] direction. The 
molecular projection when the PTCDA and CuPc layers are oriented along the [20-1] and [0-21] zone 
axes with the (10-2) and (11-2) planes parallel to the substrate respectively are shown in figure 4.20d.  
 
 
Substrate 
1/nm 
1/nm 
20 nm 
CuPc 
PTCDA 
(a) Epoxy 
CuPc(100) 
PTCDA(020) 
Figure 4.20 (a) HRTEM image, (b-c) FFTs and (d) molecular 
projection from a PTCDA/CuPc section. The black triangular regions 
are due to the limit of the camera. The colour of the FFTs are 
inverted for presentation purposes and were taken from the regions 
outlined in red. The molecular projection is shown along the [20-1] 
and [0-21] zone axes for the PTCDA and CuPc layers respectively. 
(c) 
(d) 
CuPc 
PTCDA 
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Hence even though the CuPc and PTCDA layers exhibit similar contrast so it is not possible to make out 
the interface, it is still possible to differentiate between the two regions from the difference in fringe 
separation. There was occasionally evidence of grain rotation. Figure 4.21a is a lattice image taken from 
a different region of the PTCDA/CuPc section shown in figure 4.20a. The FFT from the region outlined in 
red where we expect to find PTCDA shows two sets of spots; one corresponds to the (020) planes, and 
the second to the (021), with an angular separation of 52°. This could be brought about by two different 
crystals showing fringes corresponding to the (020) and (021) planes lying at 52° to each other. It is more 
likely that the fringes are due to a single crystal with the [100] projection as shown in (c), but means the 
crystal has rotated by almost 90° from the expected orientation. The region where we expect to find CuPc 
has fringes that correspond to the (100) planes, and have the expected orientation brought about by the 
templating of the PTCDA. Hence the orientation observed in the PTCDA crystal is probably due to a 
whole scale rotation of the crystal during sectioning and accentuates the need for further refinements as 
discussed in section 4.1  
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Figure 4.21 (a) Lattice image, (b) FFT and (c) PTCDA molecular projection along the [100] of a PTCDA/CuPc 
section showing a 90° rotation of PTCDA layer. The PTCDA molecular plane, which is supposed to be parallel to 
the substrate, is perpendicular as shown in (c). 
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Conclusions 
 
HRTEM images of organic cross-sections could provide invaluable information on the emerging plastic 
electronic field. However this has been hampered by the difficulty of sample preparation, radiation 
damage and lack of contrast. Cross-sections of CuPc single crystals were obtained using ultramicrotomy. 
The sections showed evidence of some mechanical damage but no evidence of structural damage. DPs 
of the sections were consistent with the β-CuPc crystal structure and extended to 6nm-1 which 
corresponds to an information limit of 0.2nm. The diffraction spot intensities as a function of electron dose 
indicated that it should be possible to obtain lattice images showing long-range order with an incident 
electron dose below 0.5 Ccm-2. Lattice images were obtained, and the fringe spacing was consistent with 
the β-CuPc crystal structure. The FFT of the lattice images extended to 2nm-1 which corresponds to an 
information limit of ~0.5nm. 
 
Cross-sections of CuPc, PTCDA and PTCDA/CuPc films deposited on kapton were also obtained using 
ultramicrotomy. The structural properties of the films have already been determined in chapter 3 which 
allowed for the identification of artefacts brought about by the preparation technique. The films are made 
of grains with a ~50nm diameter, most probably through a growth that is not simply columnar. HRTEM 
images of the sections were obtained and showed an information limit of ~0.7nm. The spacing and 
orientation of the fringes with respect to the interface corroborated the results obtained using pole figure 
analysis in chapter 3. It was not possible to definitely locate the interface between the CuPc and PTCDA 
layers in the bilayer but different regions could be inferred from differences in fringe spacing. Once again 
the sections showed evidence of some mechanical damage but since the sectioning parameters during 
the ultramicrotomy process were not optimized it is hoped that with further refinements even better results 
could be achieved.  
 
In conclusion we have shown that it is possible to prepare good-quality sections of organic films using 
ultramicrotomy but improvements could be supplemented by other TEM sample preparation techniques 
as will be discussed in chapter 6. 
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5. THE CRYSTAL STRUCTURE OF η-CUPC 
 
The structure of copper phthalocyanine (CuPc) nanowires which adopt a new phase designated η-
CuPc is proposed (Monoclinic P21/a, Z = 2, a = 24.8 ± 0.2, b = 3.77 ± 0.02, c = 13.2 ± 0.1 Å, β = 106 
± 1°). Scarcity of diffraction information makes this a challenging system to study. The unit cell 
symmetry and parameters are determined from powder X-ray diffraction (XRD) and transmission 
electron diffraction (TED) but texturing in the nanowires and sensitivity to the electron beam prevents 
the location of the atomic coordinates. The atomic coordinates are located by minimising the lattice 
potential energy via the summation of van der Waals interactions between non-bonded atoms using 
a local software. The technique is validated by correctly predicting the atomic coordinates of β-CuPc 
given its unit cell and molecular structure, which is another polymorph of CuPc whose crystal 
structure is already known and has the same unit cell symmetry as η-CuPc. 
 
 
Nanostructures with a one dimensional (1D) character present exciting possibilities (Hu et al., 1999; Xia 
et al., 2003) and phthalocyanine (Pc) 1D nanostructures have been the subject of intense research during 
the last fifteen years as summarised in section 1.5. For example solar cells with nanostructured CuPc 
showed an external power efficiency about 2.5 times as high as was achieved using a comparable planar 
hetero-junction photovoltaic cell (Yang et al., 2005). Our research group has recently grown copper 
phthalocyanine (CuPc) nanowires as thin as 10 nm using a modified organic vapour phase deposition 
(OVPD) system (Wang et al., 2010). More importantly within the context of this thesis, optical absorption 
spectroscopy, powder X-ray diffraction (XRD) and transmission electron microscopy (TEM) demonstrated 
that the nanowires did not adopt any of the most commonly well known structures but form a new 
polymorph designated as the η phase. This is contrary to all the other Pc 1D nanostructures which have 
been obtained so far as discussed in section 1.5. Since the physical properties of crystals are dependant 
on the crystal structure, information about the molecular packing is crucial and in this chapter the 
characterisation of the CuPc nanowires is discussed. 
 
OVPD is a relatively new growth technique which incorporates a flow of inert gas under medium pressure 
to transport the molecules to the substrate and can lead to the formation of new morphologies such as 
nanowires (Baldo et al., 1998; Mahon). The OVPD system and standard conditions used to grow 
nanowires are discussed in section 2.1.32. The nanowires could be obtained under a variety of growth 
conditions; substrate type, substrate temperature, pressure, gas flow and chamber dimensions which 
                                                 
2
 Growth performed by H. Wang and S. Din at Imperial College London. 
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implies a very stable crystal phase which is only dependent on the initial clustering mechanism. The 
conditions which gave the best yield are described in section 2.1.3. The exact mechanism leading to the 
nanowire morphology and new crystal structure is still unclear and is the subject of ongoing research and 
will be the focus of a colleague’s thesis (Din). This chapter will strictly concentrate on elucidating the 
crystal structure of the nanowires. Section 5.1 also summarises preliminary investigations on the optical 
absorption and morphology of the nanowires.  
 
As discussed in section 1.2, large planar aromatic molecules such as Pcs adopt the slipped-stack 
structure where the molecules are co-planar and separated by ~3.4Å, with a slight offset that can vary 
from 1-2 Å to form tilted molecular stacks (see figure 1.3). By convention the crystallographic b axis is 
defined by the vector separating two molecules along a stack. Due to constraints imposed by symmetry, 
the stacks cluster together to form crystals of space group P-1, C2/n (or C2/c) or P21/a (or P21/c). 
Phthalocyanine molecules are apt to pile up in a direction parallel to the stacks (and hence the b axis) 
and form elongated structures because the anisotropic intermolecular force acts more strongly in this 
direction through the van der Waals interactions between two adjacent molecules (Iwatsu, 1988; Panina 
et al., 2009). It was assumed that the nanowires adopted a similar structure.  
 
Determining the crystal structure involves three stages; working out the (i) the space group (ii) the unit cell 
parameters and (iii) the atomic coordinates. If the molecular structure is already known then step (iii) 
simplifies to working out the position and orientation of the molecule(s) relative to the unit cell. The small 
size of the nanowires meant single-crystal XRD, which is the method of choice for structure 
determination, was not possible. Some other possibilities were powder XRD in conjunction with Rietveld 
analysis (Tremayne, 2004) and electron crystallography (Dorset, 1998). These usually require an initial 
model, obtained either from an isomorphous crystal whose structure is already known or from a global 
energy minimization technique, which is then refined. Unfortunately neither technique was possible with 
the nanowires because they were too textured and too beam sensitive for a full structure determination 
either with XRD or electron crystallography respectively.  
 
However it is possible to propose the space group and unit cell parameters of η-CuPc based on the TED 
and XRD patterns and making some reasonable assumptions (section 5.2). As discussed in section 2.2 
for diffraction to occur from a set of (hkl) planes the corresponding reciprocal lattice node must cross the 
Ewald sphere. In the case of XRD, if the normal to the sample bisects the incident and diffracted beam, 
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the X-ray beam will be diffracted by planes that are closely parallel to the substrate. In the case of TED, if 
the sample is perpendicular to the electron beam, the beam will be diffracted by planes that are closely 
perpendicular to the substrate. Hence TED and XRD are complementary techniques for studying textured 
samples. The atomic coordinates are then determined using lattice potential energy (LPE) minimisation of 
van der Waals interactions between non-bonded atoms as pioneered by Kitaigorodsky (Kitaigorodsky, 
1973). In section 5.3 we show that given the space group and unit cell parameters, such calculations can 
accurately predict the orientation of the molecule relative to the unit cell using β-CuPc as an example. 
The atomic coordinates of η-CuPc are obtained using the same calculations, and in section 5.4 simulated 
TED and XRD patterns are compared with the experimental results. 
 
 
5.1 Morphology and spectroscopy 
 
The nanowires either aggregated into branches maintaining the same long range directionality as their 
parent branches (figure 5.1b) or followed the curvature of the tube to form a fibrous film of randomly 
oriented nanowires (figure 5.1c). The branches could extend across the length of the OVPD tube (figure 
5.1a) and so far lengths of up to 4 cm have been achieved. The high directionality of the branches of 
nanowires could significantly facilitate parallel integration into optoelectronic and spintronic devices, whilst 
the fibrous films could be useful for applications which require a larger surface area. 
 
The length of the nanowires varied from 1µm for fibrous films to 4cm for the branches of nanowires but 
the distribution in nanowire diameter was the same and varied from 10-100nm as shown in the TEM 
image in figure 5.1d. The envelope of the optical absorption spectra of the wires was also similar, 
indicating they adopted the same crystal structure, although it is possible that the nanowires adopted 
more than one crystal structure. Optical absorption spectroscopy provides a rapid and very sensitive 
fingerprint because the nature of the excited state in aromatic crystals is strongly affected by 
intermolecular interactions (Pope and Swenberg, 1999). Figure 5.2a compares the normalised optical 
absorption spectra of the nanowires with the monomer, α and β-CuPc spectra in the 500-900 nm region 
where the most differences are known to occur between Pc polymorphs. The nanowire spectrum was 
obtained from a single branch of nanowires fixed on a glass slide using ethanol, the α spectrum from a 
~100 nm thick film of CuPc deposited on a glass slide using OMBD, the β spectrum from a ~100 nm thick 
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film of CuPc deposited on glass at elevated temperatures (~300°C)3 and the monomer spectrum from 
CuPc completely dissolved in 1-chloronaphthalene. All the spectra were obtained using a Perkin-Elmer 
Lambda UV-Vis spectrometer. 
 
 
 
In solution, the optical absorption of CuPc is dominated by a single absorption peak at ~680 nm, which 
corresponds to the first π-π* transition of the Pc2- ligand, followed by small satellites most likely due to 
due to the vibronic progression within the electronic transition. Aggregation causes the peak at 680 nm to 
split and widen because of extensive exciton coupling between adjacent molecules (Sharp and Abkowitz, 
1973). The effect on the smaller satellites is not known for sure. The nanowires spectrum displays two 
broad peaks at ~615 nm and ~765 nm, compared to a much smaller split of ~50 nm for α-CuPc and β-
CuPc. It is currently not possible to predict crystal structure on the basis of absorption spectra (Knupfer et 
                                                 
3
 Obtained by Dr Sandrine Heutz, Imperial College London 
Figure 5.1 The morphology of Pc nanowires obtained using an organic vapour phase deposition (OVPD) system; 
(a) optical image of branches of the nanowires growing across the growth tube, SEM image of a (b) single branch of 
nanowires (c) film of nanowires and (f) bright field TEM image of the nanowires dispersed on a carbon coated 
microgrid. 
1 cm 
0.5 µm 
(a) (b) 
(c) 
0.1 cm 
0.1 cm 
(d) 
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al., 2004) but the fact the nanowires absorb over a larger region of the electromagnetic spectrum, and 
especially in the IR region, implies improved light harvesting for photovoltaic applications. 
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Figure 5.2 (a) Normalised optical absorption spectra of CuPc monomer (brown), α-CuPc (blue), β-CuPc (red) and 
nanowires (green). The spectra are offset for clarity. (b) Equal and (c) least-squares linear combination (dashed 
black) of the normalised α, β and monomer spectra, compared with the nanowires spectrum, the colour as defined in 
(a). The contribution x of each normalised spectra to the linear combination is included. 
 
It is not possible to reproduce the spectrum of the nanowires with any linear combination of the β, α and 
monomer spectra. The normalised α, β and monomer spectra were each assigned a contribution xα, xβ 
and xmonomer respectively and summed to give the linear combination spectrum. As a first example figure 
5.2b shows the linear combination spectrum when xα, xβ and xmonomer are equal and nominally set to 0.5. 
With a prominent peak at 680 nm which occurs almost half-way between the peaks at ~615 nm and ~765 
nm, it is very unlikely that there is any monomer contribution to the nanowires spectrum. In figure 5.2c the 
linear combination spectrum is fitted to the nanowires spectrum and minimised using the least-squares 
function (equation 2.7) and varying xα, xβ and xmonomer. The RMS is minimised when xα=1.1, xβ=0.2 and 
Chapter 5                                                                                                                         The crystal structure of η-CuPc 
 
 
 – 130 – 
xmonomer = 0 (as expected) but peaks at ~615 nm and ~765 nm cannot be obtained whichever values of xα, 
xβ and xmonomer are used. This implies the nanowires have a different crystal structure to the α or β phase. 
 
The nanowires were also imaged with high resolution transmission electron microscopy. The nanowires 
were dispersed on a TEM microgrid coated with a carbon film and the microgrid was moved until the low-
index zone axis of a nanowire happened to coincide with the electron beam and lattice fringes were 
observed. The diameter of the nanowires varied from 7 nm (figure 5.3c) to 100 nm (figure 5.3b) but 
occasionally it was not possible to determine the diameter due to lack of contrast. Two distributions of 
lattice spacings were observed centred on 1.14 ± 0.02 nm and 1.30 ± 0.04 nm. The error is given by the 
standard deviation σ of measurements taken from twenty images altogether, fourteen with a ~1.14 nm 
spacing and six with a ~1.30 nm spacing.  There is insufficient data to describe the relationship between 
the fringe spacing and the diameter of the nanowires. 
 
The fringes separated by ~1.14 nm where usually wavy and the fringes separated by ~1.30 nm where 
more straight. This can be more clearly seen by taking a forward Fourier transform (FFT); the nanowire in 
figure 5.3a has fringes separated by 11.1 Å which appear as an arc subtended by an angle 15° in the 
FFT, whilst the nanowire in figure 5.3b which has fringes separated by 13.1 Å appear as a bright circular 
spot in the FFT. The waviness could originate from out-of-plane buckling, beam damage or the formation 
of multiple twin boundaries (Gardener et al., 2008; Kobayashi et al., 1982). As discussed in section 1.2 
the intramolecular forces in aromatic molecular crystals such as Pcs are relatively weak which promotes 
the formation of defects such as twin boundaries. The edges of some wires are curved with no fringes 
(figure 5.3b), possibly as a result of less-ordered growth at the grain edge. The appearance of fringes 
within the wires is intermittent in all figures. This is most clearly seen in figure 5.3a where the regions in 
which fringes can be observed are outlined in red. This could be due to buckling so that the beam is not 
orientated along the crystal zone axis, or to beam damage which is known to occur erratically. 
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Figure 5.3 (a-c) HRTEM images of nanowires. The FFT of (a) and (b) are also included and their colour have been 
inverted for presentation purposes.  
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5.2 Unit cell 
 
Figure 5.4 shows XRD θ/2θ patterns of the nanowires collected on both glass and silicon substrates. The 
substrate contribution has been removed and the intensity normalised to the most intense peak for clarity. 
Both silicon and glass substrates were used because silicon has weak impurity peaks which can be 
confused with the peaks from the nanowires and glass has a high background contribution for 2θ>20° 
which may mask reflections in that range. Substrates ~2cm2 in size were placed in the region of the 
OVPD tube where nanowires were known to appear. To increase the signal-to-noise ratio, more 
nanowires were also collected from the rest of the OVPD tube on to the substrates. The XRD signal was 
still very weak, but since the nanowires were still spread quite thinly over the substrates it is not known if 
the weak XRD signal was due to the scarcity or the low crystallinity of the nanowires. 
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Figure 5.4 XRD θ/2θ pattern of CuPc nanowires deposited and collected on glass (blue) and silicon (green) 
substrates. The substrate contribution has been removed and the data normalised to the most intense peak for 
presentation purposes. 
 
Six peaks are observed in the XRD spectra at 2θ = 6.9, 7.5, 8.7, 14.2, 14.7 and 17.4 ± 0.1° as 
summarised in table 5.1. There may also be a peak about 2θ = 28.4° but the intensity is too low to be 
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sure and will not be discussed further. The corresponding interplanar distances and errors were 
calculated using the Bragg equation [2.2]. The peaks at 2θ = 14.2, 14.7 and 17.4 are second orders of the 
peaks at 2θ = 6.9, 7.5 and 8.7° respectively and the interplanar distance using equation [2.1a] and n=2 is 
also calculated. Averaging over both sets of peaks gives an interplanar distance of 12.7, 11.9 and 10.2 ± 
0.1 Å. The low number of reflections most probably means the nanowires are textured.  
 
Table 5.1 Scattering angle of XRD peaks and corresponding  
Interplanar distances, averaged over the Bragg order 
2θ (°) dnhnknl (Å) n dhkl (Å)   Averaged 
 dhkl (Å) 
6.9 ± 0.1 12.8 ± 0.2 1 12.8 ± 0.2 12.7 ± 0.1 
7.5 ± 0.1 11.8 ± 0.2 1 11.8 ± 0.2 11.9 ± 0.1 
8.7 ± 0.1 10.2 ± 0.1 1 10.2 ± 0.1 10.2 ± 0.1 
14.1 ± 0.1 0.63 ± 0.04 2 12.6 ± 0.1  
14.7 ± 0.1 0.60 ± 0.04 2 12.0 ± 0.1  
17.4 ± 0.1 0.51 ± 0.03 2 10.2 ± 0.1  
 
As discussed in section 2.3.3, the Scherrer equation relates the full width at half maximum (FWHM) of a 
peak at 2θ to the average crystal dimension perpendicular to the reflecting plane. The peaks at 2θ = 6.9° 
from the nanowires on the glass substrate and at 2θ = 8.7° from the nanowires on the silicon substrate 
have a FWHM of 0.25° and 0.70° respectively. This gives an average crystal size of 50 and 15 nm 
respectively which corroborate the distribution of wire diameters observed in SEM and TEM images as 
shown in figure 5.1 and 5.3. The difference in the peak intensity between the data obtained from the glass 
and silicon substrates was probably coincidental rather than due to an epitaxial relationship with the 
substrate. This is because glass is amorphous and the silicon substrate has an amorphous layer of SiO2 
which is unlikely to induce an epitaxial effect. 
 
The XRD θ/2θ peaks of the nine well-characterised polymorphs of CuPc are summarised in Appendix B. 
The large width of the peaks means that the scattering angle can be quoted differently by up to 0.2° in 
different papers (occasionally even 0.3°) so care has to be taken when comparing different polymorphs. 
Whilst some polymorphs have reflections at 2θ = 6.9, 7.5 and 8.7 ± 0.2°, no polymorph has a combination 
of all three peaks. This means either the nanowires are made up of more than one polymorph, each 
textured to obtain the desired reflections, or that they are made of a new polymorph. 
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In order to find out more about the crystal structure of the wires, transmission electron diffraction patterns 
(DPs) of the nanowires were collected in the selected-area mode as discussed in section 2.4. The 
wavelength of electrons accelerated in a TEM is much smaller than that of the radiation used in XRD and 
consequently the radius of the Ewald sphere is much larger. Combined with the small size of the samples 
which elongates the reciprocal lattice points, TED can reveal more of the distribution of reciprocal lattice 
points than XRD. A pattern of spots is obtained; the reciprocal of the distance between the central 
transmitted beam and diffracted beam (hkl) gives the interplanar separation dhkl, whilst the angle between 
two diffracted beams and the transmitted beam gives the angle between the planes. The DP can be 
extremely useful for the determination of the space group because it can show systematic absences 
which gives information about the symmetries operators present in the unit cell, and hence the space 
group.  
 
As an example figure 5.5 shows the DP of α and β-CuPc along the [001] and [100] zone axis simulated 
using SingleCrystal™. The b axis in α-CuPc and β-CuPc is 3.77Å and 4.79Å respectively and the 
reciprocal forms the long axis of the rectangular and oblique patterns. The short axis of the DPs along the 
[001] and [100] zone axis correspond to a*=1/d100 (2a*=2/d200 in the case of β-CuPc) and c*=1/d001 
respectively. α-CuPc is triclinic and the angle between the b and c axis is given by the angle between the 
b* and c* axis. The systematic absences of the P21/a space group in β-CuPc are the (0k0) for k odd and 
the (h0l) for h odd so the (010) and (100) spots are absent in the DP along the [001] zone axis. There are 
no systematic absences in the P-1 space group of α-CuPc (Hahn, 2005). 
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As for HRTEM, a microgrid covered with nanowires was moved until the electron beam coincided with the 
low-index zone axis of a nanowire and a DP was observed. Only two types of DPs were obtained as 
shown in figure 5.6. Those of type (a) were characterised by a short axis of 12.0 ± 0.1Å, and when visible, 
a long axis of 3.77 ± 0.02Å. Those of type (b) had a short axis of 12.6 ± 0.2Å and when spots were visible 
along the long axis they were too faint for distances to be measured accurately. The error is given by the 
σ of measurements taken from eighteen images altogether; twelve of type (a) and six of type (b). This 
matches the σ taken from a dispersion of a standard (figure 2.15) so the σ is due to experimental factors 
rather than to variations in crystal structure or the presence of two closely spaced planes. Because of the 
beam sensitivity of the nanowires there was insufficient time to tilt the nanowires and obtain more than 
one DP from a single nanowire. This means it is possible that the two different types of DPs were 
produced by nanowires which have different crystal structures.  
 
2 1/nm 
Figure 5.5 Simulated TED patterns of β-CuPc along the (a) [100] and (b) [001] zone axis and α-CuPc along the (c) 
[100] and (d) [001] zone axis.   
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The systematic absences in figure 5.6a resemble the systematic absences of the DP of β-CuPc along the 
[001] zone axis. The reflections circled in red are faintly visible in figure 5.6a when they should be absent, 
but this could be due to double diffraction since dynamical scattering can be observed in a 10nm thick film 
of brominated CuPc when using a gun voltage of 100 kV (Dorset et al., 1991). As discussed in section 
2.4.3, in double diffraction a strongly diffracted beam acts as the direct beam, shifting the DP so as to be 
centred about the diffracted beam and generating reflections that should be forbidden. Shifting the DP 
about the strongly diffracted reflection immediately below or above the transmitted beam can generate 
the circled reflections. It was not possible to observe spots with k>1 because of beam damage so it is not 
possible to index the DP conclusively but a P21/a space group is plausible because P21/a is the most 
common space group for organic crystals (Yao et al., 2002). Using figure 5.5b as a basis, the long and 
short axis of the rectangular pattern correspond to the reciprocal of d010 and d200 respectively.  
 
Table 5.2 summarises the TED and XRD data, which agree to within the experimental error. This is 
reassuring since if the nanowires were made of a mixture of more than one polymorph different planes 
should have been detected in TED and XRD since they are sensitive to planes that are perpendicular and 
parallel to the substrate respectively. Hence it will be assumed that all nanowires have the same crystal 
structure which is a new polymorph of CuPc and designated as the η phase. The HRTEM fringe spacing 
(11.4±0.2Å and 13.0±0.4Å) agrees with the TED and XRD data to within two σ. As discussed in section 
2.4.3, HRTEM is more sensitive to errors in the calibration and alignment of the microscope than TED 
2 1/nm
2 1/nm
2 1/nm 2 1/nm 
Figure 5.6 The two types of TED patterns that were obtained from nanowires and the reciprocals of the separation 
between the spots. 
(b) (a) 
 Short axis 
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which can lead to systematic errors of up to 1 Å. It is however surprising that the ratio of the fringe 
spacing should not be in closer agreement with the ratio of the corresponding TED spot spacing and the 
reason for this is unclear. No DPs and HRTEM images were obtained that correspond to the planes with 
a separation of 10.2 Å and possible reasons for this will be discussed in section 5.4.  
 
A final set of four planar separations are found by averaging the TED and XRD data. The planes with a 
separation of 3.77and 11.9Å were indexed as discussed previously. The planes with a separation of 10.2 
and 12.7Å can be indexed by noticing that all the CuPc polymorphs listed in Appendix B only have 2 
planes with an interplanar separation larger than 10Å. Hence it is extremely unlikely that there will be 
another set of planes in addition to those listed in table 5.2 with a separation larger than 10Å. The allowed 
reflections with the lowest index (and hence the largest interplanar separation) in P21/a when b is much 
smaller than a and c are the (001), (20-1) and (200). The planar spacing dhkl of a monoclinic structure is 
given by [5.1]: 
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Using the four planes and their indexation there are four equations which can be solved simultaneously to 
calculate the 4 unknown lattice parameters: a, b, c and β (α and γ are 90° because the symmetry is 
monoclinic) and estimate their error. It is only by indexing d001 = 12.7 and d20-1 = 10.2 Å that sensible 
lattice parameters are obtained as summarised in table 5.2. The density is 593 Å3 per molecule which is 
reassuringly comparable to the density of the known crystal structures of CuPc: β-CuPc (583 Å3 per 
molecule) (Brown, 1968a), α-CuPc (582 Å3 per molecule) (Hoshino et al., 2003), ε-CuPc (606 Å3 per 
molecule) and γ-CuPc (592 Å3 per molecule) (Erk and Hengelsberg, 2003).  
 
Table 5.2 Proposed indexation of planar separations and lattice parameters of η-CuPc 
hkl XRD (Å) TED (Å) Estimated dhkl (Å) 
Calculated  
dhkl(Å) K 
Space 
Group P21/a Z 2 
001 12.7 ± 0.1 12.6 ± 0.2 12.7 ± 0.1 12.69  Volume (Å3) 1186 ± 10 
Density 
(Å3/Z) 593 ± 5 
200 11.9 ± 0.1 12.0 ± 0.1 11.9 ± 0.1 11.92  a (Å) 24.8 ± 0.2 α (°) 90 
20-1 10.2 ± 0.1  10.2 ± 0.1 10.20  b (Å) 3.77 ± 0.02 β (°) 106 ± 1 
010  3.77 ± 0.02 3.77 ± 0.02 3.77  c (Å) 13.2 ± 0.1 γ (°) 90 
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5.3 Atomic coordinates 
 
Even though it is possible to deduce the unit cell from the XRD and TED patterns, texture (in the case of 
XRD), dynamic diffraction, beam damage and misalignment of the beam with the zone axis (in the case of 
TED) alters the intensity of the data to such an extent that it is not possible to determine the molecular 
packing. Instead the atomic coordinates are located by minimisation of the LPE as estimated by atom-
atom potentials. Section 5.3.1 summarises the equations used and assumptions made and section 5.3.2 
summarises the results obtained using the β-CuPc and proposed η-CuPc unit cells. 
 
5.3.1 Model, equations and assumptions 
 
The van der Waals interactions between molecules in molecular crystals (namely induction, dispersion 
and repulsion) can be simulated by summing atom-atom pair potential functions (Kitaigorodsky, 1973) 
between the atoms in different molecules. This partitions the interaction between atoms in different 
molecules into repulsive and attractive terms. The most popular potentials are the Buckingham Exp-6 
[5.2a] and Lennard-Jones 12-6 [5.2b] and 9-6 [5.2c] potentials (Filippini and Gavezzotti, 1993): 
 
φexp-6(r) = Ae–Br – Br–6                                                          [5.2a] 
φ12-6(r) = Ar–12 – Cr–6                                                           [5.2b] 
φ9-6(r) = Ar–9 – Dr–6                                                            [5.2c] 
 
where r is the internuclear distance between the atoms in the different molecules. A, B, C and D are 
empirical constants for each type of atom pair which are usually derived from fitting the chosen potential 
to observed properties such as crystal structures, heats of sublimation and hardness measurements. An 
Er-1 term is sometimes added to represent coulombic interactions but the slow convergences complicates 
calculations. The LPE of the crystal can be estimated by summing the interaction between every atom in 
a reference molecule with every atom in every surrounding molecule, up to some defined distance. The 
crystal structure of molecular crystals can be predicted by assuming that the molecules are rigid bodies 
and minimising the LPE with respect to the lattice cell parameters and rotation of the molecule.  
 
In this work the LPE is minimised with respect to the orientation of the molecule only since the lattice 
parameters is already known. Whilst equation [5.2a] and [5.2b] are more common, [5.3c] is used following 
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the work by Yim et al on H2Pc crystals (Yim et al., 2003) which also neglects the coulombic term. The 
neglect of a coulombic term has been shown to be valid for Pc crystals (Forrest and Zhang, 1994; 
Nakamura and Tokumoto, 1998). The LPE is given by:             
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where Rij is the vector from atom i to j within the same molecule, and Rk is the vector from the centre of 
the reference molecule to the centre of neighbouring molecule k, so that |Rij+Rk| is the distance between 
atom i in the reference molecule to atom j in neighbouring molecule k. The molecules and their positions 
are rigid so that while the intramolecular distances |Rij| and intermolecular distances |Rk| do not vary, 
|Rij+Rk| varies as the molecules are rotated about an axis through the centre of the molecules. The 
potential is summed between every atom i in a reference molecule to all atoms j over all molecules k with 
|Rk| < Rc . Rij* is the minimum-energy separation between the ith and jth atoms respectively, and -εij is the 
energy attained at Rij*. Values for homonuclear Rii* and εii were obtained from molecular mechanic force 
field calculations (Halgren, 1992) and are listed in table 5.3. For heteroatomic pairs Rij* is estimated to be 
the arithmetic mean of the respective homonuclear R*’s and εij to be the geometric mean of the respective 
homonuclear ε’s. Somewhat controversially, the contribution from the central Cu2+ ion is completely 
ignored. This is endorsed by the isomorphism of H2Pc with the other planar Pcs, which indicates that the 
central metal ion does not have a significant effect on the structure.  
 
Atom R* (Å) 
 ε (eV) 
C 4.00 0.00347 
N 3.6 0.00694 
Table 5.3 Lennard-Jones9-6 
parameters for homoatomic pairs 
(Halgren, 1992).                 . 
H 2.8 0.00174 
 
The first step was to determine RC. Pcs have a highly asymmetric molecular shape which means that the 
interaction volume is also highly asymmetric. The interaction energy between two CuPc molecules was 
calculated as a function of distance with two different configurations. When the molecules lie above each 
other, the minimum occurs at 3.5 Å which is very close to the distance between neighbouring molecules 
within a molecular column normal to the molecular plane found in planar Pcs (~3.35 Å). The distance for 
the interaction between two molecules lying directly on top of each other to fall to 3% of the maximum 
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interaction occurs at 9 Å, but for two molecules lying along the bridging nitrogen axis the distance is 
~17.5Å as shown in figure 5.7. Hence Rc was set to 9 Å along the stacking b-axis where the molecules lie 
almost on top of each other whilst along the other axis Rc was set to 17.5 Å.  
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Figure 5.7 The potential curve between two Pc molecules as a function of distance normal to the molecular plane 
(blue dashed) and along the bridging N axis (green full). 
 
The fractional lattice coordinates of the atoms rLattice = aa + bb + cc were converted to Cartesian 
coordinates rCartesian = xx + yy + zz such that x is along a and |x|, |y| and |z| = 1Å (figure 5.8). This 
simplifies the calculation during the subsequent rotations. Whilst the software can convert any type of 
crystal class, for the readers’ benefit [5.4] lists the matrices which convert from a monoclinic lattice 
coordinate system to a Cartesian coordinate system and vice-versa. a, b, c and β are the lattice 
parameters and not to be confused with the fractional lattice coordinates. 
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The atomic coordinates of the molecules were then rotated through an angle (θx, θy ,θz) as shown in figure 
5.8. rCartesian was rotated through an angle θx about x, then though an angle θy about y and then through 
an angle θz about z to produce a vector rRot = )()()( 321 θθθ RRR rCartesian . The matrices are listed in [5.5]: 
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5.3.2 Results 
 
The LPE was calculated with a local software programmed in Excel™ and minimised using Solver. The 
model was first tested on β-CuPc whose structure has already been determined (Brown, 1968a) and has 
the same space group as η-CuPc. The spreadsheet is supplied online4. 11 distinct inequivalent molecules 
fall within the volume set by Rc (figure 5.9) and table 5.4 lists the fractional lattice and cartesian 
coordinates of their centre of mass. It also lists their equivalence, which is the number of molecules 
located at the same distance and relative angle with respect to the reference molecule and also fall within 
the volume set by Rc. Molecules A-D are inverted with respect to the reference molecule.  
 
 
 
 
                                                 
4
 http://workspace.imperial.ac.uk/materials/Public/files/MauthoorPotential.xls  
γ 
a 
b 
c 
α 
β 
y
 
x
 
z
 
θx 
θz 
θy The magnitude of x,y,z is 1 Å 
The magnitude of a, b and c is set by the lattice coordinates 
Figure 5.8 Basis set used for transforming and rotating 
the coordinates during the LPE calculations. 
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Table 5.4 Central position of molecules included in the LPE of β-CuPc and η-CuPc 
  
Fractional 
lattice coordinates 
β-CuPc  
Cartesian coordinates (Å) 
η-CuPc 
Cartesian coordinates (Å) 
Molecule Equivalence a
 
b
 
c
 
x
 
y
 
z
 
|Rk|(Å) x
 
y
 
z
 
|Rk|(Å) 
A 4 0.50 0.50 0.00 9.70 2.40 0.00 9.99 12.4 1.9 0.0 12.5 
B 4 0.50 0.50 1.00 2.18 2.40 12.55 13.0 8.8 5.7 12.7 16.4 
C 4 0.50 1.50 0.00 9.70 7.19 0.00 12.1 12.4 5.7 0.0 13.6 
D 4 0.50 1.50 1.00 2.18 7.19 12.55 14.6 8.8 5.7 12.7 16.4 
E 2 0.00 1.00 0.00 0.00 4.79 0.00 4.79 0.0 3.8 0.0 3.8 
F 2 0.00 2.00 0.00 0.00 9.58 0.00 9.58 0.0 15.1 0.0 15.1 
G 2 0.00 0.00 1.00 -7.52 0.00 12.55 14.6 -3.6 0.0 12.7 13.2 
H 2 0.00 1.00 1.00 -7.52 4.79 12.55 15.4 -3.6 3.8 12.7 13.7 
I 2 0.00 2.00 1.00 -7.52 9.58 12.55 17.4 -3.6 7.5 12.7 15.2 
J 2 0.00 -1.00 1.00 -7.52 -4.79 12.55 15.4 -3.6 -3.8 12.7 13.7 
K 2 0.00 -2.00 1.00 -7.52 -9.58 12.55 17.5 -3.6 -7.5 12.7 15.2 
 
 
 
If the LPE is minimised starting from the experimentally-determined structure of β-CuPc such that (θx =0°, 
θy =0°, θz =0°), the minimum occurs at (θx =-0.8°, θy =0.2°, θz =0.4°) which is reassuringly close. The LPE 
landscape does not have a single minimum and starting the minimisation from different (θx, θy, θz) tilts 
leads to different minima as summarised in table 5.5. Figure 5.10 compares the x-y and y-z projections of 
the atoms in the reference Pc molecule with the deepest LPE (≤ -3.35 eV). The molecules with (θx =19.6°, 
θy =19.7°, θz =84.5°) and (θx =41°, θy =-43.1°, θz =-91.1°) orientations are inverted along the x=0 plane to 
the experimentally determined structure, and are rotated by 90° about the normal to molecular plane to 
each other. When inserted into the lattice this results in essentially the same structure. Hence the model 
Figure 5.9 The inequivalent molecules included 
in the LPE calculations with respect to the 
reference molecule (shown in purple) 
b a c 
B 
A 
C 
D 
F 
E 
I 
H 
G 
J 
K 
Reference 
molecule 
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accurately predicts the rotation of the CuPc molecule within the β-CuPc unit cell to within a three 
dimensional cone of 1°. Alternatively the square root of the σ of the square of the difference between the 
atomic coordinates of the experimental structure and the LPE minimised structures is ~0.05Å so the 
model predicts the atomic coordinates of the CuPc molecule within the β-CuPc unit cell to 0.05Å. 
 
Table 5.5 The starting and energy minimised tilt of the Pc molecule relative to the Cartesian axis 
Starting Angles (°) Final Angles β-CuPc (°) Final Angles η-CuPc(°) 
θx θy θz θx θy θz 
Energy (eV) 
θx θy θz 
Energy (eV) 
0.0 0.0 0.0 -0.8 0.2 0.5 -3.40 -14.1 -13.9 19.9 -1.52 
57.3 57.3 57.3 -2.9 49.4 89.3 -2.99 16.0 41.0 58.2 -2.69 
114.6 114.6 114.6 60.2 116.5 172.7 -2.60 85.2 118.9 126.9 -3.38 
180.0 180.0 180.0 69.9 139.0 70.5 -3.24 148.6 105.9 97.3 45.85 
0.0 57.3 114.6 19.6 19.7 84.5 -3.39 -27.1 19.9 77.8 -3.39 
27.8 -43.6 -133.5 41.0 -43.1 -91.1 -3.35 32.8 -45.0 -122.3 3.78 
 
 
 
The same calculations were then applied to η-CuPc. The same molecular structure was used because 
the molecular structure does not vary significantly from solution to the crystal phase, and from polymorph 
to polymorph (Liao and Scheiner, 2001). The space group is identical to that of β-CuPc so the fractional 
lattice coordinates of the centre of mass of the molecules do not change either. However, because the 
unit parameters are different the Cartesian coordinates are different as listed in table 5.4. Fortuitously the 
same 11 distinct inequivalent molecules fall within the volume set by Rc. 
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Figure 5.10 Comparison of the position of the C and bridging N atoms along the x-y projection (a) and x-z projection 
(b) of the reference Pc molecule in the experimentally determined structure and the LPE minimised structures. 
(b) (a) 
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The same starting (θx, θy, θz) molecular tilts as for the β-CuPc calculations were used and table 5.5 lists 
the final orientations and the LPE. The two molecular orientations with the lowest minima are essentially 
identical but rotated by 90° about an axis normal to the molecular plane as shown in figure 5.11, which 
supports the claim that this is the correct molecular orientation of η-CuPc. The (θx =85.2°, θy = 118.9°, θz = 
126.9°) molecular orientation is chosen arbitrarily. The crystallographic information file (CIF) for the 
proposed crystal structure of η-CuPc is included in Appendix C. Figure 5.11a shows that the molecule in 
η-CuPc tilts closer towards the x axis (or a axis) as compared to β-CuPc. This is largely because the 
crystallographic a axis is much larger in η-CuPc (24.8Å) than in β-CuPc (19.4Å) so there is less repulsion 
between neighbouring molecules along the a axis and they can lean closer together. 
 
 
 
 
 
5.4 Discussion 
 
A schematic of the packing motif and molecular overlap within a stack of the proposed structure for η-
CuPc is shown in figure 5.12. η-CuPc shares many structural characteristics with the other CuPc 
polymorphs. The length of the crystallographic b axis is 3.77 Å, the distance between neighbouring 
molecules within a molecular column normal to the molecular plane intermolecular distance is 3.43 Å and 
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Figure 5.11 Comparison of the (a) x-y projection of the position of the C and bridging N atoms and (b) x-z projection 
of the reference Pc molecule in the η-CuPc LPE minimised structures. 
(θx , θy , θz )  
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(-27.1, 19.9, 77.8) 
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the stacking angle is 24.8° (as defined in figure 1.3) which is very similar to values found in α-CuPc; 3.77 
Å, 3.42 Å and 24.9° respectively. However the in-stack molecular overlap is practically identical to that of 
γ-CuPc which is isomorphous to the structure of α-CuPc proposed by Ashida and modified by Brown (see 
figure 1.7a). The space group and columnar arrangement is the same as for β-CuPc. The wires have an 
intermediate morphology between the β-CuPc needles and α-CuPc powders which suggests a link 
between the morphology and structure as has been shown by LPE calculations on that the relative 
stability of different Pc polymorphs depending on the size and shape of the crystal (Iwatsu, 1988). Since 
very little is known on the nucleation of the nanowires, it is also not possible as yet to specify whether the 
change of structure is due to the change of morphology, or vice-versa. 
 
 
 
Figure 5.13 compares the experimental XRD traces from figure 5.4 with the theoretical stick pattern of the 
proposed η-CuPc structure calculated using CrystalDiffract™. The stick pattern is normalised to the most 
intense peak in the experimental XRD pattern and the indexes of the peaks are given. The scattering 
angle of the stick pattern matches the scattering angle of the experimental peaks to within 0.1° as was set 
from the calculations summarised in table 5.2. The relative intensities do not agree because of texture; 
the nanowires are most probably faceted along the (001), (200) and (20-1) planes and when deposited or 
placed on substrate the nanowires lie with these facets parallel to the substrate. In both traces the relative 
intensity of the (200) peak is less than for the (001) and (20-1) planes which suggests the nanowires are 
preferentially faceted along the (001) and (20-1) planes as is the case for β-CuPc (Erk and Hengelsberg, 
2003). 
 
 
 
 
b 
a 
c 
P21/a 
a = 24.8 Å 
b = 3.77 Å 
c = 13.2 Å 
α = 90° 
β = 106° 
γ = 90° 
Z = 2 
 
Figure 5.12 The packing motif and in-stack molecular overlap of η-CuPc. 
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Figure 5.13 Comparison of experimental XRD patterns with theoretical stick pattern of η-CuPc. 
 
The (20-1) planes are not observed in TEM and TED probably because of the nanowires are faceted 
along the (100), (001) and (20-1) planes. Figure 5.14 compares the molecular orientation when the 
nanowires are faceted along these planes. In order to observe the (100) and (001) reflections in a DP, the 
[001] and [100] zone axis should be perpendicular to the substrate respectively. This could occur naturally 
by having nanowires faceted along the (100) and (001) planes tilting by 15° about an axis parallel to the 
nanowire long axis. This could also occur by having nanowires faceted along the (20-1) planes tilting by 
45° about an axis parallel to the nanowire long axis but is less likely. In order to observe the (20-1) 
reflections in the DP, the [10-2] zone axis should be perpendicular to the substrate. This could occur by 
having nanowires faceted along the (100) and (001) planes tilting by 45° about an axis parallel to the 
nanowire long axis but is unlikely, or having nanowires faceted along the (20-1) planes tilting by 90°, 
which is extremely unlikely. Hence the (20-1) reflections are not observed. What is surprising is that the 
DP along the [10-2] zone axis, which is perpendicular to the (20-1) plane, is not observed since XRD 
shows that a large proportion of the nanowires lying with the (20-1) plane approximately parallel to the 
substrate. Observation of this DP would validate the proposed crystal structure. 
 
Chapter 5                                                                                                                         The crystal structure of η-CuPc 
 
 
 – 147 – 
 
Figure 5.14 The molecular orientation relative to the substrate in nanowires textured along the (a) (001), (b) (20-1) 
and (c) (100) planes. On the left the molecular orientation is shown along the [010] direction.       
 
Figure 5.15 compares the DPs of η-CuPc along the [100] and [001] zone axis simulated using 
SingleCrystal™ with the experimental DPs. Once again the distance and angles between the spots agree 
as fixed by the calculations summarised in table 5.2. More reassuringly, the spot intensities agree to a 
first approximation endorsing the proposed crystal structure. The (100) spots are relatively more intense 
compared to the (200) spots than predicted but this could be due to dynamical diffraction/and or beam 
damage which is known to attenuate the intensity of higher order diffracted beams more rapidly as 
discussed in section 4.3.2. 
   
(a) (001) 
a 
c 
(b) (20-1)  
(c) (100) 
Substrate 
Substrate 
Substrate 
a 
c 
a 
c 
[10-2] 
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Conclusions 
 
CuPc nanowires have been grown using a modified OVPD system. The nanowires have diameter 10-
100nm and length so far only limited by the diameter of the growth chamber (4 cm). Optical absorption 
spectroscopy indicates that the wires do not adopt the most common α-Pc or β-Pc structure and absorb 
over a larger region of the electromagnetic spectrum. It is most likely that the nanowires form a new 
polymorph designated η-CuPc and in this chapter we attempt to determine the crystal structure. 
Experimental constraints make this a very difficult task and combinations of techniques are used and 
various assumptions made.  
 
XRD and TED patterns were obtained which gave information about four sets of planes lying parallel and 
perpendicular to the substrate. The space group and indexation of two of the planes was determined by 
consideration of systematic extinctions in a TED pattern which was consistent with the monoclinic space 
group P21/a along the [001] zone axis. The lattice parameters (a = 24.8 ± 0.2, b = 3.77 ± 0.02,  
c = 13.2 ± 0.1 Å, β = 106 ± 1°) were obtained by guessing the most likely indexes of the two other planes 
and solving for the interplanar separation of the four planes simultaneously. 
 
(b) [001] (a) [100] 
Figure 5.15 Comparison of the simulated DPs (red) of η-CuPc along the [100] and [001] zone axis with the 
experimental DPs (black) slightly displaced for clarity. 
2 nm-1 2 nm-1 
c* 
b* 
2a* 
b* 
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Texture in the XRD patterns and dynamical diffraction and beam damage in the TED patterns did not 
allow for the location of the atomic coordinates. Instead the molecular packing was obtained by 
minimising the LPE estimated through the summation of pairwise atom-atom potentials of the Lennard-
Jones 9-6 form. The LPE was calculated as a function of the rotation of the rigid molecule with respect to 
the unit cell which was held fixed. The technique was validated by correctly predicting the molecular 
orientation of the CuPc molecule with respect to the β-CuPc unit cell (which also has a P21/a space 
group) to within a three dimensional cone of 1°. 
 
The proposed structure for η-CuPc shares many characteristics with other CuPc polymorphs such as a 
similar density, the columnar arrangement of β-CuPc, the stacking angle of α-CuPc and the in-stack 
molecular overlap of γ-CuPc, endorsing the proposed structure. The wires are probably faceted along the 
(001), (100) and (20-1) planes which induces texture along those planes. The spot intensities of simulated 
TED patterns agree with the experimental pattern to a first approximation, providing further endorsement. 
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6. CONCLUSIONS AND FURTHER WORK 
 
Detailed conclusions have already been provided at the end of chapter 3, 4 and 5. This chapter 
provides an overall conclusion but focuses mainly on improvements and methods that could be used 
to obtain further information on aromatic molecular thin films and nanostructures and how this could 
be used to explain physical and morphological properties. 
 
 
The general aim of this thesis was to investigate the structure, and to a certain extent the morphology, of 
certain aromatic molecular crystals which could have exciting applications in optoelectronic and spintronic 
devices but have morphologies that are incompatible with more conventional structural characterisation 
techniques.  
 
The thesis first clarified the structure and texture of thin films of copper phthalocyanine (CuPc), metal-free 
phthalocyanine (H2Pc) and their mixtures grown using organic molecular beam deposition (OMBD) on 
weakly interacting substrates or a layer of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA). 
Scanning electron microscopy (SEM) and peak profile analysis of the XRD patterns of the films indicate 
the films are made of grains with a ~50nm diameter that do not have a simple columnar morphology. The 
texture was then determined using a combination of powder X-ray diffraction (XRD) in the θ/2θ and pole 
figure configurations and high resolution transmission electron microscopy (HRTEM) of cross-sections of 
the films. The Pc molecular plane lies 82±11° to the substrate when deposited on a weakly interacting 
substrate but at 7.5 or 9±5° when templated by a layer of PTCDA. The XRD investigations were helped 
by obtaining XRD patterns of less textured powders which adopt the same crystal structure whilst the 
HRTEM investigations were helped by first refining the technique on sections of single crystals of CuPc.  
 
The thesis then proposed a structure for a new phase of CuPc designated as η which forms nanowires as 
thin as ~10nm using a combination of XRD, transmission electron diffraction (TED) and lattice potential 
energy (LPE) minimisation. Structure determination was helped by comparison with β-CuPc, another 
polymorph of CuPc whose crystal structure has been already determined using single crystal XRD and 
has the same unit cell symmetry as η-CuPc and forms elongated needles, a morphology that is 
comparable to the nanowires. The proposed structure for η-CuPc is monoclinic P21/a, Z=2, a = 
24.8±0.2Å, b = 3.77±0.02Å, c = 13.2±0.1Å and β = 106±1.  
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The early achievements summarised in this thesis naturally leads on to further work in two different 
aspects; how are the physical and morphological properties of Pcs dependent on the crystal structure 
(section 6.1) and how cross-sections of organic thin films can be optimised (section 6.2). 
 
 
6.1 Structural dependence 
 
There are now five polymorphs of Pc (α, β, ε, γ, η) and three polymorphs of H2Pc (α, β and X which is 
isomorphous to ε-CuPc (Erk and Hengelsberg, 2003)) whose crystal structure have been determined and 
it is most probable that the γ and η phase of H2Pc also exist. These polymorphs could be used to 
investigate the effect of the structure on the physical and morphological properties of Pcs, determine any 
correlations and hopefully shed light on the properties of aromatic molecular crystals in general, which are 
still relatively little understood as discussed in section 1.1. Having five polymorphs, some of which have 
shared structural properties such as the same stacking angle (see figure 1.3), would facilitate studies on 
the structural dependence. In addition the differences between CuPc and H2Pc, such as the D2h 
symmetry of H2Pc as opposed to the D4h symmetry of CuPc and the absence of a strongly scattering 
atom in H2Pc, provide additional degrees of freedom to determine factors that are not structural in origin. 
 
This type of research has already been attempted by many researchers, for example Sakakibara 
(Sakakibara et al., 1998) has investigated the optical absorption spectra of β-CuPc and α-CuPc based on 
a Davydov model of the splitting of the first π-π* transition (Pope and Swenberg, 1999). Iwatsu has 
investigated the relative stability of β-ZnPc and α-CuPc depending on the size and shape of the crystal 
using LPE calculations (Iwatsu, 1988). Sakakibara and Iwatsu both used an incorrect structure for α-CuPc 
so it would be interesting to know how the results are changed by using the correct structure. It would be 
particularly interesting to see if the LPE calculations predict an even more pronounced elongation in the 
case of the η nanowires than the β phase needles. Wu et al. can predict the exchange coupling in α and 
β-CuPc depending on the stacking angle (Wu et al., 2008). Surprisingly, unpublished results (Wu, 2010) 
indicate that the exchange coupling is independent of the direction of the molecular offset direction (see 
figure 1.3). The next step would be to try to explain the difference between the electronic spin resonance 
(ESR) spectra of the different polymorphs (Achar, 2004). 
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6.2 Cross-sectional sample preparation 
 
As summarised in section 1.4, there are many reasons for trying to obtain cross-sections of organic thin 
films, such as obtaining structural information about interfaces, localised domains, defects and epitaxy. In 
addition this thesis has shown that thin film growth in Pcs is still little understood and cross-sectional 
HRTEM could provide information on how the grains morphology and texture progress with thickness. 
Cross-sectional HRTEM of the nanowires would give access to crystallographic zones that are 
inaccessible with the nanowires lying parallel to the substrate, confirm the proposed crystal structure and 
the miller index of the facets. However ultramicrotomy is still subject to mechanical damage and further 
optimisation is needed. It would be useful to investigate this damage using atomic force microscopy, 
comparing the topography of sections produced at different thicknesses, cutting speeds, clearance angles 
and embedding materials to determine the optimum sectioning parameters. 
 
Whenever possible, more than one technique should be used to prepare TEM samples. Preparation 
artefacts can be difficult to identify and/or remove and a different sample preparation technique can verify 
the morphology obtained and provide additional information. Preliminary work not discussed in this thesis 
on a focused ion beam (FIB) section of a PTCDA/CuPc bilayer deposited on silicon was promising. 
HRTEM images showed lattice fringes with a separation that corresponded to the (100) planes of α-CuPc, 
and possibly the interface between the PTCDA and the CuPc layers. However the morphology of the 
layers was not retained and further investigations are required. 
 
Whilst CuPc and PTCDA were ideally suited within the wider context of this thesis, other organic 
materials such as PID (an aromatic molecule with formula C32H16) which show less angular variation in 
their texture would provide a more accurate measure of mechanical damage. PID has already been used 
to investigate the potential for conventional ion milling (see figure 1.11a) (Dürr et al., 2003). The 
technique could be extended to systems which are closer to devices, such as CuPc/C60 blends which are 
used in photovoltaic applications but whose morphology and charge transport are still debated. HRTEM 
images of a CuPc/C60 section obtained using conventional ion beam milling have already been obtained 
(see figure 1.11b) but the CuPc region did not show any fringes probably due to beam damage so further 
investigations are required. There is also the exciting possibility that information about the charge 
transport could be obtained using analytical tools such as electron energy loss spectroscopy (EELS). 
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Appendix A _ Lattice parameters* of planar Pcs 
 
Paper Molecule Growth Diffraction Z Group a(Å) b(Å) c(Å) α(°) β(°) γ(°) θ(°) 
(Linstead and Robertson, 1936) β-CuPc
 
β-H2Pc 
β-NiPc 
β-CoPc 
β-MnPc 
β-FePc 
β-BePc 
α-PtPc 
Gradient sublimation XRD 2 P21/a 
P21/a 
P21/a 
P21/a 
P21/a 
P21/a 
P21/a 
P21/a 
19.6 
19.9 
19.9 
20.2 
20.2 
20.2 
21.2 
23.9 
4.79 
4.72 
4.71 
4.77 
4.75 
4.77 
4.84 
3.81 
14.6 
14.8 
14.9 
15.0 
15.1 
15.0 
14.7 
16.9 
 120.6 
122.2 
121.9 
121.3 
121.7 
121.6 
121.0 
129.6 
  
 
 
 
 
 
 
 
(Robinson and Klein, 1952b) α-CuPc Acid paste pXRD 6 P4/m 17.4 12.8      
(Honigmann et al., 1965) αI-CuPc 
αII-CuPc 
Acid paste 
 
  P-1 
A2/a 
24.2 
24.0 
3.8 
3.8 
26.4 
26.2 
90.0 90.1 
93.9 
95.6  
(Ashida, 1966b) α-CuPc 
α-H2Pc 
α-CoPc 
α-FePc 
α-NiPc 
α-PtPc  
α-CuPc 
       
         Vacuum    
         deposited on    
         muscovite  
 
 
Acid paste 
TED 
 
 
 
 
 
pXRD 
4 C2/c 
C2/c 
C2/c 
C2/c 
C2/c 
C2/c 
C2/c 
25.9 
26.1 
25.9 
25.9 
26.2 
26.2 
25.9 
3.79 
3.81 
3.75 
3.76 
3.79 
3.82 
3.79 
23.9 
24.0 
24.1 
24.1 
24.3 
23.8 
24.1 
 90.4 
91.1 
90.2 
90.0 
94.8 
91.9 
90.4 
  
(Ashida, 1966a) α-CuPc Vacuum deposited on KBr TED 4 C2/c 25.8 3.79 23.7  90.4   
(Brown, 1968a) 
(Brown, 1968b) 
β-CuPc 
α-PtPc 
Gradient Sublimation XRD 2 
4 
P21/a 
C2/n 
19.4 
26.3 
4.79 
3.82 
14.6 
23.9 
 120.9 
94.6 
 45.9 
25.3 
(Uyeda et al., 1972a) Cl16CuPc Vacuum deposited on KCl TED 4 C2/c  19.6 26.0 3.76  116.5   
(Scheidt and Dow, 1977) β-ZnPc Gradient sublimation XRD 2 P21/a 19.3 4.85 14.6  120.5  48.4 
(Fryer, 1979) αI-H2Pc  
 
αII-H2Pc 
Vacuum deposited on KCL TEM 
TED 
TEM 
4 C2/c 
C2/c 
C2/c 
26.0 
25.6 
27.8 
 25.4 
24.8 
23.8 
 91.0 
91.0 
116 
  
(Mason et al., 1979) β-CoPc 
β-MnPc 
Gradient sublimation XRD 2 P21/c 
P21/c 
14.5 
14.6 
4.77 
4.76 
19.4 
19.4 
 120.8 
120.7 
 47.3 
47.8 
(Kobayashi et al., 1981) αI-ZnPc  
αII-ZnPc 
αIIIZnPc 
Vacuum deposited on carbon TEM 
TEM 
TEM 
  26.0 
26.0 
13.0 
 24.0 
26.0 
26.0 
 93 
93 
100 
  
(Moxon et al., 1981) α-CuPc Acid paste pXRD   25.9 3.80 24.7 90.0 90.1 95.6  
(Perovic, 1987) X-H2Pc Not specified XRD   23.9 4.93 9.94  98.4   
(Schoch et al., 1988) α-NiPc Vacuum deposited on carbon TEM   26.2 3.7 24.0  24.0   
(Yase et al., 1988) α-H2Pc: 
Cl4H2Pc 
Gradient sublimation XRD 4 C2/n 26.5 3.76 24.3  93.5   
(Dorset et al., 1991) Cl16CuPc Vacuum deposited on KCl TED  C2/m 17.6 26.1   116   
(Dorset et al., 1992) Br16CuPc Vacuum deposited on KCl TED  C2/m 17.9 26.5   116   
(Janczak and Kubiak, 1992) (a-
b) 
α-Pc 
β-Pc 
Heat 1,2-dicyano-benzene with 
different catalysts 
XRD 
 
4 
2 
C2/n 
P21/c 
26.1 
14.8 
3.8 
4.73 
23.9 
19.9 
 94.2 
122.0 
  
(Yanagi et al., 1992) ZnNc Vacumm deposited on glass 
Vacuum deposited on NaCl 
TEM   28.0 
16.0 
3.7 30.2 
3.3 
 90   
(Nagahara et al., 1993) CoNc Vacuum deposited on NaCl TEM   15 3.4      
(Wachtel et al., 1993) LiPc Vacuum deposited on mica,teflon TED 4 C2/n 25.7 3.81 23.6  91.0   
(Oka and Okada, 1993) X-H2Pc Not known pXRD 2 P21/a 21.4 23.7 4.90  30.4   
(Ueda et al., 1994) α-CuPc 
αII-CuPc 
Vacuum deposited on PFTE on 
glass 
TEM 4 C2/c 
 
25.9 
26.4 
3.79 
3.80 
23.9  90.4   
(Morishige and Araki, 1996) β-ZnNc 
β-NiNc 
β-CuNc 
Gradient sublimation XRD 2 P21/c 
P21/c 
P21/c 
6.85 
6.88 
6.87 
8.00 
7.87 
7.90 
30.3 
30.5 
30.4 
 91.9 
90.5 
91.0 
  
(Hammond et al., 1996) X-H2Pc Not specified pXRD 2 P21/a 10.6 23.2 4.89  96.0   
(Zugenmaier et al., 1997) X-H2Pc 
β-H2Pc 
Not specified TEM, 
pXRD & 
neutron 
4 
4 
Pna21 
P21/n 
21.0 
14.8 
4.91 
4.73 
23.1 
17.4 
 90 
104.3 
  
(Ballirano et al., 1998) α-CoPc 
β-CoPc 
Acid paste 
Gradient sublimation 
pXRD 
pXRD 
1 
2 
P-1 
P21/c 
12.1 
14.6 
3.75 
4.79 
12.8 
19.4 
 91.0 
121.0 
  
(Matsumoto, 1999) β-H2Pc Gradient sublimation XRD 2 P21/a 19.9 4.73 14.8  122.0   
(Fryer, 1999) Cl4CuPc Vacuum deposited on KCl TED  P4 
P2 
27.4 
11.6 
27.4 
12.6 
3.65 
3.63 
  
90.0 
  
(Evangelisti et al., 2002) α-FePc As purchased pXRD 1 P-1 12.2 3.78 13.0  90.4   
(Erk and Hengelsberg, 2003) α-CuPc  
γ-CuPc 
ε-CuPc 
Not specified pXRD 1 
4 
2 
P-1 
C2/n 
P21/c 
3.80 
26.3 
5.00 
13.0 
3.81 
23.1 
12.0 
23.7 
10.6 
90.6 95.2 
94.3 
96.0 
90.7  
(Hoshino et al., 2003) α-CuPc Vacuum deposited on KCl 
Acid paste  
TED 
pXRD 
1 P-1 
P-1 
12.9 
12.9 
3.81 
3.77 
12.0 
12.1 
95.6 
96.2 
90.1 
90.6 
91.0 
90.3 
 
24.9 
(Kobayashi et al., 2003) Br8Cl8Cu Vacuum deposited on NaCl TEM   19.5 26.0 3.76  117   
(Achar and Lokesh, 2004) α-CuPc 
β-CuPc 
Acid paste 
Heat  
pXRD   21.7 
21.8 
3.28 
4.69 
15.4 
13.5 
 107.4 
123.4 
  
(Hoshino et al., 2004) α-CoPc Vacuum deposited on KCl TED 1 P-1 12.9 3.82 11.9 95.2 90.2 92.2  
(Tang et al., 2006) β-CuPc Purchased pXRD 2 P21/a 19.6 4.80 14.7  120.9   
 
*Values have been rounded up to 3 s.f. 
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Appendix B _ XRD scattering angle of CuPc polymorphs 
 
The table below summarises the 2θ scattering angle (°) of the most prominent peaks in the powder XRD 
patterns (θ/2θ configuration) from the most well-known CuPc polymorphs, assuming an X-ray wavelength 
of 1.54Å. Scattering angles for the following polymorphs were calculated from the reported crystal 
structures using CrystalDiffract™: αH (Hoshino et al., 2003), αA (Ashida, 1966b) modified by (Brown, 
1968b), β (Brown, 1968a), γ and ε (Erk and Hengelsberg, 2003). Only the scattering angle of peaks with 
intensity at least 10% of the most intense peak are included. Scattering angles for the other polymorphs 
were obtained from experimental powder XRD patterns summarised in the three following references (Erk 
and Hengelsberg, 2003), (Enokida and Hirohashi, 1991) and (Komai et al., 1978). It should be noted that 
due to the width of the peaks and the poorer quality of data in the past, quoted values can vary by 0.2°.  
 
 
αH αA β γ ε π R ζ δ σ 
     5.1   5.5 5.0 
6.8 6.8  6.7  6.6     
7.4 7.4 7.0 7.5 7.7  7.6 7.0 7.7  
     8.8  7.2  8.7 
  9.2 9.7 9.2 9.0 9.1 9.7   
10.0 10.0 10.6 10.4  10.0  10.2 10.1 10.0 
    11.4 11.0   11.8  
  12.6        
          
    14.3  14.2    
15.7 15.6  15.9  15.6     
16.2 16.3   16.9  16.8    
    17.5 17.1 17.5  17.6 17.3 
  18.2  17.8     18.4 
  18.7        
      20.4    
  21.5 21.3 21.9  21.9    
          
  23.1 23.9 23.6 23.5 23.6  23.5 23.2 
24.1 24.9 23.9 24.7    24.7   
25.1     25.2  25.8 25.4 25.4 
26.6 26.2 26.3 26.3  26.7  26.7  26.8 
27.5   27.9 27.1  27.0    
 28.1 28.1 28.2 28.4  28.4   28.5 
  30.6  30.3 29.0 30.2    
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Appendix C _ CIF for η-CuPc 
 
data_wires 
 
 
_symmetry_space_group_name_H-M 'P 21/a' 
_cell_length_a 24.8 
_cell_length_b 3.77 
_cell_length_c 13.2 
_cell_angle_alpha 90 
_cell_angle_beta 106 
_cell_angle_gamma 90 
_cell_formula_units_Z 2 
 
loop_ 
_atom_type_symbol 
_atom_type_radius_bond 
C 0.68 
H 0.20 
Cu 1.47 
N 0.68 
 
loop_ 
_atom_site_fract_x 
_atom_site_fract_y 
_atom_site_fract_z 
_atom_site_label 
_atom_site_type_symbol 
0.058 -0.011 -0.167 C1 C 
0.110 -0.125 -0.190 C2 C 
0.127 -0.109 -0.281 C3 C 
0.180 -0.245 -0.276 C4 C 
0.214 -0.395 -0.182 C5 C 
0.196 -0.408 -0.093 C6 C 
0.143 -0.272 -0.097 C7 C 
0.111 -0.239 -0.020 C8 C 
0.101 -0.331 0.148 C9 C 
0.121 -0.450 0.255 C10 C 
0.172 -0.588 0.314 C11 C 
0.178 -0.670 0.418 C12 C 
0.134 -0.602 0.466 C13 C 
0.083 -0.461 0.407 C14 C 
0.078 -0.385 0.303 C15 C 
0.032 -0.230 0.220 C16 C 
0.016 0.137 -0.240 N1 N 
0.059 -0.089 -0.065 N2 N 
0.130 -0.357 0.078 N3 N 
0.047 -0.197 0.130 N4 N 
0.206 -0.630 0.280 H1 H 
0.216 -0.790 0.464 H2 H 
0.141 -0.660 0.548 H3 H 
0.049 -0.414 0.442 H4 H 
0.101 0.005 -0.352 H5 H 
0.195 -0.235 -0.345 H6 H 
0.254 -0.501 -0.180 H7 H 
0.222 -0.521 -0.021 H8 H 
0     0     0      Cu1 Cu 
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